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ABSTRACT 
 
Characterization and Modeling of Transformation Induced Fatigue of Shape Memory 
Alloy Actuators. 
(December 2009) 
Olivier Walter Bertacchini, Eng. Diploma, M.S., ENSAM Paris-Tech (Metz), France 
Chair of Advisory Committee: Dr. Dimitris C. Lagoudas 
 
 The main focus of this research is the transformation induced fatigue behavior of 
shape memory alloy (SMA) actuators undergoing thermally induced martensitic phase 
transformation. The recent development of aerospace applications employing shape 
memory alloys (SMAs) has expanded the need for fatigue life characterization and 
modeling. Lightweight, compact and with a great work output, SMAs are ideal materials 
for actuated structural components. However, fatigue life becomes a key factor in 
applications such as commercial airplanes. Therefore, it is necessary to not only perform 
fatigue testing but also to investigate the causes of fatigue failure. As a new class of 
materials, SMAs have unique characteristics and require novel test methodologies to 
conduct repeatable and reliable fatigue testing. For this research, two materials are being 
investigated: TiNiCu and Ni-rich NiTi. The experiments performed on the first selected 
alloy, i.e. TiNiCu SMA, explore three major parameters: the applied stress level, the 
amount of actuation, and the corrosive nature of the environment. Experimental results 
show that SMAs undergoing transformation induced fatigue exhibit a low-cycle fatigue 
iv 
 
behavior and the measurement of the accumulated plastic strain at failure is associated to 
a Manson-Coffin type failure criterion. Investigations conducted on the post-mortem 
microstructure showed evidence of a multiphysical coupling between corrosion and 
cyclic phase transformation, from which a novel cyclic damage mechanism is proposed 
and explained using the micromechanical shear lag model accounting for actuation and 
accumulated plastic strains. Thereafter, based upon the identified failure mechanism and 
considering damage accumulation through crack formation, a stress renormalization 
procedure is proposed in combination with the Miner’s rule to predict the reduction of 
number of cycles to failure due to cyclic phase transformation and corrosion. A direct 
method is first presented and the predictions show good agreement with experimental 
results. However, both corrosion and corrosion-free fatigue data are required. Therefore, 
a new approach is proposed: the inverse Miner’s rule, which requires corrosion fatigue 
data only to predict corrosion-free life. The new and attractive properties of the selected 
second alloy, i.e. Ni-rich NiTi SMA, have revived the motivation of the aerospace 
industry to design SMA actuators. One particular property is cyclic stability generated 
by precipitation hardening mechanism using 4 3Ni Ti  precipitates. However, 3Ni Ti  are 
also precipitates due to high Nickel content (60 wt.% or 55 at.%). Parameters such as 
processing, heat treatments, size effects, surface quality and environment are 
investigated. Thermomechanical response and fatigue life are discussed and the greatest 
impact is found to come from specimen surface quality. Finally, a detailed fractography 
presents the different microstructural aspects of the fatigue damage and concludes to a 
precipitation driven fatigue failure mechanism cause by 3Ni Ti  precipitates.  
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NOMENCLATURE 
R  external radius of SMA actuator 
e  thickness of the cracked surface layer 
δ  distance between two consecutive cracks  
SMAc  SMA core volume fraction reduced to area fraction due to axisymmetry 
2TiO
c  oxide volume fraction reduced to area fraction due to axisymmetry 
SLc  surface layer (SL) volume fraction reduced to area fraction due to 
axisymmetry 
 
SMA
zzσ  stress in SMA core 
SL
zzσ  stress in surface layer (SL) 
τ  interfacial shear stress between SMA core and surface layer SL 
SMAf
 average of any variable 
SMAf  over the cross-sectional area of the SMA 
core 
 
SLf  average of any variable 
SLf  over the cross-sectional area of the surface 
layer (SL) 
 
SMA
zu  displacement in SMA core 
SL
zu  displacement in surface layer (SL) 
SMA
zzε  total strain in SMA core 
SL
zzε  total strain in surface layer (SL) 
SMA
inε  inelastic strain in SMA core 
SL
inε  inelastic strain in surface layer (SL) 
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SMAE  Young’s  modulus in SMA core 
SLE  Young’s  modulus in surface layer (SL) 
SMAµ  shear modulus in SMA core 
SLµ  shear modulus in surface layer (SL) 
appliedσ  nominal constant stress applied to SMA actuator 
renormσ  renormalized stress level in SMA core due to presence of circumferential 
cracks 
 
γ  surface layer evolution (crack depth) coefficient 
N  number of thermal cycles attained at stress level ( )renorm Nσ  
*N  number of cycles to failure under corrosion-free conditions 
( )corr fNσ  stress-life equation in corrosive conditions 
( )* *Nσ  stress-life equation in corrosion-free conditions 
* *,A B  corrosion-free stress-life equation coefficients 
,corr corrA B  corrosion stress-life equation coefficients 
dN  infinitesimal number of cycles consumed at stress level ( )renorm Nσ  
dD  infinitesimal damage fraction at stress level ( )renorm Nσ  
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CHAPTER I 
INTRODUCTION TO SHAPE MEMORY ALLOYS, 
CYCLIC LOADING AND FATIGUE  
 
1.1. Transformation induced fatigue in SMAs 
 
 SMAs are sensitive to the thermomechanical loading path they are subject to. 
The two common loading paths applied to SMAs are pseudoelastic and constant load 
thermal cycling [1]. The first type is mostly utilized by medical engineering applications 
that require large deformations and recovery under cyclic mechanical loading. To exhibit 
pseudoelastic response, SMAs require being in austenite, fully or partially, at a selected 
test temperature. Therefore, SMAs can exhibit pseudoelastic response only if the test 
temperature is above the austenite start temperature ( sT A> ). Upon mechanical loading, 
austenite transforms into martensite. The transformation is complete if the martensite is 
fully detwinned and the transformation strain attains its maximum. The transformation is 
partial if the martensite is partially detwinned and therefore the transformation strain 
does not reach its maximum value. At temperatures above the austenite finish 
temperature ( fT A≥ ), complete shape recovery upon mechanical unloading is observed. 
At temperatures comprised between the austenite start and finish temperatures 
( s fA T A< < ) partial shape recovery is observed. The second type of loading path, 
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referred to as constant stress loading path, is an idealization of typical loading paths used 
by the aerospace engineering industry that utilize SMAs as actuators subject to 
mechanical loading under temperature variations. Constant mechanical loading is used to 
induce detwinning of the martensite upon cooling. The deformation achieves its 
maximum when the temperature of the SMA is lower than the martensitic finish 
temperature ( fT M≤ ). It is when the SMA actuator is heated above the austenite finish 
temperature ( fT A≥ ) that full recovery occurs from martensite to austenite. The applied 
loading path, pseudoelastic or constant stress, can be selected so that the SMA fully 
transforms from one phase to the other, thus defining complete transformation cycles. 
Moreover, it is possible to limit the transformation and permit partial forward 
transformation and partial recovery, i.e. partial transformation cycles. 
 The fatigue life response of SMAs can be divided into two categories, high-cycle 
fatigue and low-cycle fatigue. High-cycle fatigue of SMAs can be seen in the first 
generation of medical applications such as stents, periodontal wires, bone replacement 
and supporting structures. These applications involve cyclic mechanical loading and 
often refer to either elastic cyclic loading of the austenitic parent phase of the SMA or to 
pseudoelastic cyclic loading at low strain amplitudes. Tobushi et al. [2], Miyazaki et al. 
[3] and more recently, Furuichi et al. [4] and Gall and Maier [5] have shown that for low 
total strain amplitudes ( 1%< ), SMAs can demonstrate fatigue limits larger than a million 
cycles. It is only recently that the medical industry has been focusing on the influence of 
high amplitude cyclic straining of pseudoelastic SMAs. The results showed fatigue 
limits below ten thousand cycles under extreme conditions and the reduced number of 
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cycles compared to low amplitude cyclic straining was attributed to the accumulation of 
permanent deformations [6, 7].   
 Over the last decade, mechanical, medical and aerospace industries have seen the 
growing use of Shape Memory Alloys (SMAs) [8, 9]. The thermomechanical response 
of SMAs subject to various mechanical and thermal loads resulting in a cyclic phase 
transformation has been widely investigated. The influence of different 
thermomechanical loading paths on the stabilization of the transformation strain and on 
the accumulation of plastic strain has also been investigated [10]. However, most of the 
results pertain to a limited number of cycles and mainly focus on the development and 
stability of stress-assisted two-way transformation strain and the evolution of plastic 
strain [11, 12, 13].  
 The recent development of various aerospace applications such as SMA actuated 
flaps, blades and noise reduction devices further motivates the need to investigate and 
characterize the response of shape memory alloys actuators [14, 15]. Thermal cyclic 
loading of SMA actuators subject to mechanical loads, either constant or variable, results 
in martensitic phase transformation with an associated maximum recoverable strain in 
the order of three to five percent in most common polycrystalline shape memory alloys 
[1, 9]. The result from the repeated actuation of SMAs is the accumulation of 
transformation induced plasticity and the reduced fatigue limit of the SMA to a low-
cycle fatigue regime. Some early studies on the fatigue of SMA actuators  have 
confirmed a low-cycle fatigue behavior with significant accumulation of plastic strain, 
which leads to failure of the SMA actuators below ten thousand cycles under extreme 
4 
 
loading conditions [16, 17, 18, 19, 20]. This behavior is characteristic of SMAs and is 
defined as transformation induced fatigue.  
 Transformation induced fatigue can be found under both pseudoelastic cyclic 
loading [2, 3, 4, 5, 6, 20, 21] and constant load thermal cycling [12, 16, 17, 18, 19 ]. The 
first one uses a representation of the fatigue life using alternating stain plotted versus the 
number of cycles to failure using the well-known rotating-bending fatigue apparatus. 
Miyazaki et al. [3] used this methodology extensively to generate fatigue pseudoelastic 
transformation induced fatigue data and a summary is presented in Figure 1 and Figure 2. 
 
 
Figure 1. Strain-life curves for NiTi alloys, with test temperatures indicated on the plots. The 
specimens were annealed at 673 K for 1 hour [3]. 
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Figure 2. Strain-life curves for TiNiCu alloys, with test temperatures indicated on the plots. The 
specimens were annealed at 673 K for 1 hour [3]. 
 
 
 Cycles to failures are found to range between 100 and beyond 1,000,000 for 
strain ranges comprised between less 0.7% and 3.5%, for both NiTi and TiNiCu SMAs, 
showing how reducing the amount of transformation greatly reduces the transformation 
induced fatigue life. In the case of constant load thermally induced transformation 
fatigue, a new standard is being established due to the need to control both the actuation 
through temperature and the level of applied load. Therefore, constant load thermally 
induced transformation fatigue is mostly represented in terms of the applied stress versus 
the number of cycles to failure [18, 22, 23, 24]. Bigeon and Morin [16], Proft et al. [25] 
and Lagoudas at al. [22] have investigated the constant load thermally induced 
transformation fatigue of the particular TiNiCu SMA alloy and found, despite certain 
discrepancies, similar fatigue response. However, the key observation is the absence of 
fatigue limit compared to pseudoelastic transformation induced fatigue. 
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Figure 3. Constant load (stress) thermally induced transformation fatigue for 50 40 10Ti Ni Cu SMA 
actuators from three different experimental setups [16, 22, 25]. 
 
 Lagoudas et al. [18, 22], Bertacchini et al. [23, 26] and Bhaumik et al. [24] 
investigated the role of partial transformation cycles on the transformation induced 
fatigue life of SMA actuators and consistently found an improvement of the number of 
cycles to failure of nearly an order of magnitude, which confirms the initial observations 
of improved fatigue performance under reduced amount of actuation, i.e. cycles through 
smaller volume fraction of martensite. 
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1.2. Cyclic loading and damage nucleation 
 
 When considering SMAs as actuators, it is important to understand the effect of 
repeated martensitic phase transformation on the overall thermomechanical behavior as 
well as on the evolution of the microstructure in the material. The cooling of an SMA 
component below the martensitic transformation temperatures results in  the nucleation 
of untwinned martensite and upon the application of a constant stress, results in the 
reorientation of the martensite causing the SMA to exhibit a recoverable strain in the 
order of 3% to 5 % in most polycrystalline SMAs. Upon heating above the austenite 
transformation temperatures, the SMA component transforms back into its parent phase, 
thus recovering most of the inelastic strain generated upon cooling under stress, where 
the remaining unrecovered strain is attributed to transformation induced plasticity 
(TRIP) [18,  27] and stabilized martensite [28, 29, 30]. Such transformation mechanism, 
repeated over a large number of cycles, induces an evolution of the microstructure. The 
work by Lagoudas et al. [18, 22], Tamura et al. [21] and Morgan and Friend [27] 
demonstrate microstructural evolutions resulting in the modification of the 
transformation temperatures, hysteresis and stability of the recoverable strain.  
 The thermomechanical response of an SMA actuator is strongly dependent on its 
microstructure, but one major aspect influencing the fatigue life is the existence of 
surface defects. Recent studies by Hornbogen and Eggeler [31, 32] focus on the role of 
surface quality in the fatigue life of shape memory alloys. The actuation strain an SMA 
produces is recoverable but induces the formation of irreversible strains, which 
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contribute to a crack nucleation process. Processes such as wire drawing can lead to 
residual stresses and defects at the surface of the SMA, which under cyclic loading will 
favor the nucleation and growth of microcracks. In addition, the repeated martensitic 
transformation results in irreversible surface processes. The accumulation of plastic 
strain is usually seen as beneficial to delay crack propagation but also leads to the 
formation of defects, such as alternated surface extrusions and intrusions [33]. Studies 
by Figueiredo et al. [20] showed the influence of the amount of transformation on the 
crack formation and final failure of SMAs. Under cyclic loading, the formation of cracks 
is generally initiated at the surface, and progresses slowly until the crack becomes 
unstable. This characteristic can also be found in SMAs. Recent studies showed the 
influence of the amount of transformation on the fracture surface and final failure as well 
as supporting evidence of surface crack initiation and propagation in SMAs under 
various loading conditions [34]. Supporting evidence of surface crack initiation and 
propagation in SMAs under various loading conditions and various specimen geometries 
are discussed in the work by Figueiredo et al. [20] and by  Cheung and Darvell [34]. 
 The main cause of fatigue damage in SMAs comes from TRIP, resulting in low-
cycle fatigue. However, oxidation and corrosion are phenomena that can accelerate 
damage formation under cyclic loading and therefore contributing to a reduction of the 
fatigue life [35]. The aerospace industry has been dealing with high temperature 
materials since the emergence of jet engines, which require materials sustaining cyclic 
loading at elevated operating temperatures [36, 37]. The emergence of high temperature 
shape memory alloys (HTSMAs) for aerospace applications is another important 
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example of the coupling between oxidation temperatures and cyclic loading [38]. It is 
even more important as SMAs exhibit large inelastic reversible strains that can 
significantly add to the complexity of the coupling between oxidation and cyclic phase 
transformation [39]. Finally, SMAs are known for their low actuation frequencies. The 
heating and cooling rates of TiNiCu SMA wires are discussed in the work of Miller [40], 
Lagoudas et al. [22] and of Bertacchini et al. [23], and it is found that a direct way to 
enhance the actuation frequency was to combine Joule resistive heating with forced fluid 
convective cooling. SMAs are no different than other alloys and compositions such as 
the equiatomic NiTi SMA have shown excellent resistance to corrosion [41, 42]. 
However, the consequence of the improvement of the actuation frequency through 
combination of Joule resistive heating and forced fluid convective cooling is the 
formation of a corrosive environment that operates at temperatures much below 
conventional oxidation temperatures. Therefore, one has to assess the working 
conditions and environment of the SMA actuators to take into account a possible 
coupling between oxidation and transformation induced fatigue of SMAs. 
   
1.3.  Alloy compositions and applications  
 
NiTi SMAs have been the primary focus for actuation applications. However, the 
addition of ternary elements can change the response of the SMA while maintaining 
similar thermomechanical properties. The addition of Cu so that the new alloy 
composition becomes 50 50 x xTi Ni Cu  − with a maximum of 10 at.% Cu substitution, 
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contributes to lower values of latent heat of transformation. This allows smoother phase 
transitions, lower amount of accumulated non-reversible plastic strains, smaller 
hysteresis and absence of intermediate R-phase transformation [10]. However, the 
substitution of Nickel for Copper in proportions up to 10 at.% slightly reduces the 
fatigue life of the alloy [3]. This trend has been observed for fatigue tests under either 
pseudoelastic or thermomechanical cyclic loading. Some of those investigations focused 
on the 50 45 5Ti Ni Cu  alloy composition [24, 43]. Results showed improved fatigue life 
and stabilized hysteresis loop in the case of trained and partially actuated SMAs. 
With the purpose of developing new actuation technologies incorporating active 
materials, including the design of systems providing significant noise reduction of 
commercial aircrafts, engineers from the Boeing Company have been investigating the 
use of Shape Memory Alloys (SMAs) as actuators [14]. Ni-rich SMAs are used as beam 
actuator and are clamped to a serrated aerodynamic structure placed on the nozzle of a 
jet engine. The purpose of such a design is to induce actuation in the SMA beam 
components, producing a deflection of the variable geometry chevrons (VGC). Such 
deflection causes the fan flow to vary and to be less turbulent during take-off and 
landing, resulting in significant noise reduction [15].  
Nickel rich binary NiTi SMAs differ from the conventional and widely spread 
near equiatomic NiTi [44]. The larger proportion of nickel content results in the 
formation of a second metastable phase in the nickel-rich matrix. For alloys with a Ni 
content ranging between 57 wt.% and 60 wt.%, the NiTi binary phase diagram shows 
formation of a secondary stable phase, i.e. 3Ni Ti . Intermediate precipitates can be 
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formed due to both the high Nickel content of the matrix and the presence of the stable 
3Ni Ti , i.e. 4 3Ni Ti  and 3 2Ni Ti  [45, 46]. The composition of the alloy sets the 
proportions between the two stable phases NiTi and 3Ni Ti . The size, distribution and 
concentration of precipitates, resulting in modifications of the matrix composition, can 
be tuned during heat treatments. A common approach to those alloys is a shape set heat 
treatment following the hot rolling process. The shape set is a heat treatment performed 
to adjust an SMA component to a desired shape while maintaining its transformation 
behavior. The shape set heat treatment is a high temperature treatment that allows 
diffusion of atoms with homogenization of the post hot-rolling microstructure; the 
cooling is usually slow and controlled. A second thermal treatment is applied after shape 
set, i.e. aging. The aging treatment is used at ranges where only metastable precipitation 
occurs and therefore water quenching is necessary to stabilize such precipitates [45]. The 
control of the time and of the temperature of the aging treatment allows adjusting the 
proportion of nickel exchanged between the nickel-rich matrix and the nickel-rich 
precipitates. This adjustment treatment is proven to be highly effective in tuning the 
transformation temperatures as well as the hysteresis [47]. In addition to controlling the 
transformation temperatures and the hysteresis, the nickel-rich 60 40Ni Ti  demonstrated 
excellent actuation response in terms of number of cycles to reach stable actuation 
response as well as creep-like behavior upon variable loading [48, 49]. These results 
made the nickel-rich 60 40Ni Ti  SMA actuators the primary candidate for future 
experimental testing and applications.  
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The diffusion of nickel in the binary matrix and in the formed nickel rich 
precipitates creates local concentration gradients that not only affect the local 
composition, but also the local behavior [50]. The sensitivity of Ms to nickel content is 
such that a gradient of concentration results in neighboring material points with different 
shape memory properties [3, 50]. In addition to concentration gradients, the growth of 
precipitates results in the distortion of the NiTi lattice. The consequence is the formation 
of stress concentration gradients surrounding the precipitates. When the precipitates are 
small enough to only induce elastic distortion, the precipitation is coherent. However, 
the formation of large precipitates usually leads to non-coherent precipitates due to large 
deformations [45, 51]. 
In previous research efforts, development, characterization and modeling of the 
material were the main objectives with little effort dedicated to the understanding of the 
materials fatigue behavior [52]. As the nickel-rich SMAs undergo hot rolling followed 
by homogenization treatment as well as precipitate formation, the maximum 
transformation strain that these alloys can generate is up to ~1.4% under monotonic 
thermomechanical loading on ASTM standard test specimens [48, 52]. As a material 
never before tested under cyclic conditions until failure, it becomes important to 
differentiate a two-level mechanism that dictates the behavior of Ni-rich NiTi SMA 
actuators. The first consists of global phenomena such as the accumulation of plastic 
strain and the overall effect of the externally applied stress, which lead to the 
macroscopic response and stabilization of the actuator. The second concerns the local 
mechanisms that dictate the failure mechanisms involved in the fatigue failure of such 
13 
 
alloys. Corrosion, surface effects, interactions between possible precipitates and matrix 
can easily lead to defect generation and propagation, ultimately leading to the failure of 
the SMA component, as summarized in Figure 4. 
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Figure 4. Effects of cycling and definition of global and local phenomena dictating the materials 
response, failure and fatigue life. 
 
As the knowledge and technology for SMAs used as actuators continues to 
mature, the understanding and assessment of the transformation induced fatigue behavior 
has now become pertinent. The need for transformation induced fatigue life 
characterization of nickel-rich SMAs for the Boeing VGC application turns into a 
priority as this structural active component is subject repeated loading for approximately 
20,000 to 70,000 flight cycles. 60 40Ni Ti  SMA actuators are no different in terms of high 
amplitude straining due to full martensitic detwinning induced upon thermal cyclic 
loading and therefore exhibit a low-cycle fatigue behavior. Large amounts of plastic 
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strain have been reported to be stabilized upon application of the appropriate 
thermomechanical training [48, 52]. Therefore, it is important to acknowledge the fact 
that such SMA actuators will develop large amounts of plastic strain in counterpart of 
being highly competitive in terms of large energy density actuators. However, such 
application involving low-cycle fatigue behavior requires being accepted and certified. 
Such certification requires the definition of testing standards and compliance to safety 
coefficients ensuring a fatigue life beyond the targeted life during service. 
Transformation induced fatigue life characterization becomes a significant challenge to 
the integration of such promising materials in one of the first major large scale SMA 
aerospace applications. 
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CHAPTER II 
TRANSFORMATION INDUCED FATIGUE OF TiNiCu SMA ACTUATORS: 
EXPERIMENTS AND RESULTS* 
 
  In this Chapter, the transformation induced fatigue of TiNiCu SMA wire 
actuators undergoing thermally induced martensitic phase transformation in a corrosive 
environment is investigated. The main objective of this work is to evaluate the cyclic 
response and fatigue behavior of TiNiCu SMA wire under corrosive conditions and to 
compare it to results obtained for fatigue testing in a corrosion-free environment. 
Chapter II focuses on various experimental aspects, including the presentation of fatigue 
results as a function of various testing parameters. The variable test parameters are five 
applied stress levels from about 50 MPa to about 250 MPa, and two different actuation 
strains, one corresponding to complete transformation cycles and the other to partial 
transformation cycles. The results from fatigue testing in a corrosive environment show 
a consistent reduction of the fatigue life compared to corrosion-free fatigue results, in 
both complete and partial transformation conditions. It is also observed that corrosion-
assisted fatigue leads to more scattered fatigue data and this spread is mostly attributed 
to enhanced and accelerated damage mechanisms due to corrosion. Finally, the 
accumulated plastic strain is correlated to a Manson-Coffin fatigue failure criterion 
 
*Part of this chapter is reprinted with permission from “Thermomechanical transformation 
fatigue of TiNiCu SMA actuators under a corrosive environment – Part I: experimental results” 
by Bertacchini O W, Lagoudas D C and Patoor E., 2009. International Journal of Fatigue, 31, 
1571–78, Copyright 2009 by Elsevier. 
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and it is shown how TiNiCu SMA wire actuators exhibit a fatigue life depend on the 
amount of accumulated plastic strain. 
 
2.1. Experiments 
 
2.1.1. Experimental setup 
 
  The fatigue testing involved in this study consisted of thermomechanical cycles 
under constant stress conditions in a custom-built fatigue test frame [22, 26]. Figure 5 
and Figure 6 describe the experimental setup that was used to perform fatigue testing. 
Figure 5 illustrates the different constituents of the fatigue frame, while Figure 6 shows 
an overview of the experimental setup and the different constituting parts.   
  One end of the SMA actuator is connected to the rigidly anchored aluminum 
frame, while the other end is connected to a kevlar cable passing through the pulley-
system shown in Figure 5, and is referred to as free-end. 
  The frictionless pulley-system is designed to transfer the vertical loads from the 
hanging weights to the horizontally positioned SMA wires. The constant loads acting on 
the SMA actuators result in constant stress conditions. The SMA is heated using 
resistive Joule heating and is cooled through forced fluid convection. The induced 
resistive heating resulted in temperature change from about 10°C to about 120°C in one 
second. The selected cooling fluid is an ASTM certified engine coolant. The 
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measurement of the displacements is performed using linear variable displacements 
transducers (LVDT), as shown in Figure 6. 
 
 
Figure 5. Schematic of the experimental fatigue test frame, side view. 
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Figure 6. Picture of custom built constant stress fatigue test frame using forced fluid glycol 
coolant. 
  
   The cooling methodology is selected to provide enhanced cooling capacity as 
well as to induce corrosion. In order to maintain a 10°C temperature in the open bath 
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(Figure 6), the fluid is circulated through a heat exchanger subjecting the coolant to 
negative temperatures. Therefore, an ASTM certified antifreeze engine coolant is 
selected. A total time of approximately three seconds is needed to cool the SMA wires 
from 120°C to 10°C. The coolant was a low-viscosity mixture of water, ethylene glycol 
and diethylene glycol chosen to provide good heat transfer capacity [18, 22, 40]. The 
fluid also contained corrosion inhibitors and alkali compounds to limit acidity formation.  
 In a preliminary work focusing on the thermomechanical fatigue of SMA wire 
actuators, series of tests were conducted under similar loading conditions in a corrosion-
free environment, where natural convective cooling using cold air was achieved in a 
refrigerated chamber [18, 22, 40]. The corrosion-free fatigue data will be compared to 
this study’s corrosion fatigue data and will be discussed in the next section.  
 
2.1.2. Methodology and control of actuation 
 
  The LVDTs continuously recorded the position of the free-end of the actuator 
and two different positions were recorded per thermal cycle: one position upon 
completion of heating, i.e. 
A
kx , and the other upon completion of cooling, i.e. 
M
kx , where 
krepresents the number of cycles. Subsequently, it was possible to normalize the 
displacements by the initial length of the actuators initL  and to define the total strain 
terms 
A
kε  and 
M
kε   associated with the austenitic phase and with the martensitic phase, 
respectively, as shown in Eq. (1).  
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 1 1; ; 1, 2 ...
A A M A
A Mk k
k k
init in it
x x x x
k
L L
ε ε
− −
=  = =
                                    
(1) 
  The SMA actuators were mounted into the frame, cooled from 0T  to minT  and 
loaded from zero to 0σ  constant stress inducing detwinning of the martensite, as 
indicated in Figure 7, for both complete and partial transformation cycles, i.e. 100% 
actuation and 50% actuation, respectively. Figure 8 and Figure 9 represent the recording 
of the strains in austenite and martensite for complete and partial transformation, 
respectively, during the first four cycles of testing.  
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Figure 7. Representative stress-temperature phase diagram and loading path corresponding to 
complete and partial transformation cycles. 
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Figure 8. Interpretation of the strains in martensite, austenite and actuation strain as a function of 
the number of cycles under complete transformation conditions. 
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Figure 9. Interpretation of the strains in martensite, austenite and actuation strain as a function of 
the number of cycles under partial transformation conditions. 
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  The dashed lines shown in Figure 9 indicate the strain levels attained during full 
actuation while the solid lines correspond to partial actuation. The actuation strain is the 
measurement of the net elongation of the SMA wire actuator, normalized by the initial 
length between two consecutive heating and cooling positions and is defined in Eq. (2). 
 
M A
act M Ak k
k k k
init
x x
L
ε ε ε
−
= = −
                                               
(2) 
 In this work, we neglected the formation of residual martensite and assumed 
accumulation of irreversible strain due to plasticity induced by transformation only. The 
measurement of the total strain in austenite 
A
kε  , i.e. high-temperature total strain, which 
encompasses a plastic part 
p
k
ε and an elastic part, as shown in Eq. (3). 
 0pA e
k initk
AE
σ
ε ε ε= + −
                                                    
(3) 
 AE  is the elastic modulus in the austenitic phase and the initial elastic strain 
e
initε  
is used to zero the strain in austenite during the first cycle. The measurement of the total 
strain in martensite 
M
kε is composed of an elastic part, a plastic part 
p
k
ε , an inelastic part 
due to crystallographic reorientation of the martensite under stress kH
σ  [1], and a 
thermal part. The total strain in martensite, i.e. low-temperature total strain, can be 
written as shown in Eq. (4). 
 0 pM e
k k th initk
M
H T
E
σσε ε α ε= + + + ∆ −
                                        
(4) 
 ME  is the elastic modulus of the martensitic phase, 
T∆  is the thermal loading 
amplitude and 
th
α is the coefficient of thermal expansion assumed to have negligible 
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influence during mixed-phase actuation and to have little influence on the overall total 
strain in martensite [1].  Therefore, the maximum transformation strain per cycle can be 
written as shown in Eq. (5). 
0
act M A
k k
M A
E E
H
E E
σ ε σ
−
= +
    
                                           (5) 
 For partial transformation cycles, the calculation of the total strains in austenite 
and in martensite takes into account the mixed-phase nature of the transformation, as 
shown in Figure 7. The displacement measurements and definition of strains in austenite, 
martensite and actuation strain follow Eqs. (1) and (2). The targeted amount of 
transformation strain during partial transformation can be defined using the maximum 
transformation kH
σ
and two coefficients minλ and maxλ , as shown in Figure 10.  minλ  and 
maxλ  represent the lower and upper limit of the fraction of actual transformation strain, 
respectively, and are expressed in Eqs. (6) and (7), as shown in Figure 10. 
 
min
min,
t
k kH
σε λ =                                                          (6) 
 
max
max,
t
k kH
σε λ =                                                         (7) 
 As the material undergoes partial phase transformation, there are no more pure 
phases and therefore the rule of mixtures is utilized to describe the contributions of each 
phase on the elastic strain, as shown in Eqs. (8) and (9). 
 ( )min min0 0min 1e
A ME E
σ σ
ε λ λ= − +
                                              
(8) 
 ( )max max0 0max 1e
A ME E
σ σ
ε λ λ= − +
                                             
(9) 
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 The high-temperature mixed-phase strain, that is referred to as total strain in 
austenite
A
kε , accounts for a plastic strain 
p
k
ε , for a partially recovered transformation 
strain min,
t
kε  and for a mixed-phase elastic strain mineε , as shown in Eq. (10).  
 min min,
pA e t e
k k initkε ε ε ε ε = + + −                                           (10) 
 The definition of the low-temperature mixed-phase strain, that is referred to as 
total strain in martensite 
M
kε  can be expressed as shown in Eq. (11). 
 max max,
pM e t e
k th k initk Tε ε ε α ε ε = + + ∆ + −                                   (11) 
 Therefore, the transformation strain under partial transformation cycles can then 
be written as shown in Eq. (12). 
 ( )max min 0t act M Ak k
M A
E E
E E
ε ε λ λ σ
−
= + −
                                  
(12) 
 
 
 
24 
 
 
Figure 10. Loading blocks under partial transformation: a full transformation cycle is performed 
every 1000 cycles to evaluate any evolution of the maximum transformation strain 
kH
σ
. This 
process is repeated until fatigue failure of the SMA actuators. 
 
2.1.3. Parameters and test matrix 
 
  Under constant stress loading, two parameters have a major influence on the 
transformation induced fatigue life of SMA actuators. The first one is the level of 
applied stress and the other is the amount of actuation strain. Five applied stress levels 
were selected ranging from about 50 MPa to about 250 MPa. The lowest stress level was 
limited by the onset of detwinning upon cooling [53], while the highest stress level was 
selected to be lower than the martensite yield limit [10, 40]. The amount of actuation 
strain was selected for two values, one for complete actuation, i.e. 100% maximum 
actuation, and one for partial actuation, i.e. 50% maximum actuation [18, 22]. 
   The selected material was 50 40 10Ti Ni Cu  (at.%) SMA wire of 0.6 mm (0.024 in.) 
diameter. The gauge length was approximately 200 mm (8 in.). A 15 minutes at 550°C 
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annealing treatment was proved beneficial to optimize the fatigue performances as well 
as to minimize the amount of plastic strain [18, 22, 27], therefore, this heat treatment 
was selected. The transformation temperatures were measured with a Perkin Elmer Pyris 
1 differential scanning calorimeter (DSC), using the intersecting tangent method. The 
onset and end of transformation temperatures under zero stress were, 0fM = 40°C, 0fM  = 
47°C, 0sA  = 54°C and 0 fA = 60°C and are shown in Figure 11. The test matrix 
introduced in Table 1 summarizes the different investigated parameters. To ensure 
repeatability of the fatigue experiments, three specimens were tested for each of the five 
load levels, for both complete and partial transformations. 
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Figure 11. DSC results for TiNiCu SMA wire in a stress free condition. 
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Table 1. TiNiCu wire actuator transformation  fatigue test matrix. 
Actual Applied Stress (MPa) 54 106 154 193 247 
Complete Transformation Ic IIc IIIc IVc Vc 
Partial Transformation Ip IIp IIIp IVp Vp 
Three specimens were tested for each condition. 
 
2.2. Results and discussion 
 
2.2.1. Influence  of applied stress level 
 
 Figure 12(a) and Figure 13(a) show representative results of the evolution of the 
strains in martensite and in austenite as well as of the actuation strain, for complete 
transformation cycles under stress levels of 54 MPa and 154 MPa, respectively. Figure 
12(b) and Figure 13(b) present the same results for partial transformation cycles under 
54 MPa and 154 MPa, respectively.  
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Figure 12. Strain response of TiNiCu SMA actuator, thermally cycled under 54 MPa constant 
stress for (a) complete transformation cycles, i.e. test Ic and (b) partial transformation cycles, i.e. 
test Ip. 
 
0
0.01
0.02
0.03
0.04
0.05
0 10000 20000 30000 40000
S
tr
a
in
Cycles
Aε
Mε
actε
Mε
Aε
actε
100% actuation
every 1000 cycles
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0 500 1000 1500 2000 2500
S
tr
a
in
Cycles
Aε
Mε
actε
(a) (b)
 
Figure 13. Strain response of TiNiCu SMA actuator, thermally cycled under 154 MPa constant 
stress for (a) complete transformation cycles, i.e. test IIIc and (b) partial transformation cycles, 
i.e. test IIIp. 
 
For complete transformation cycles, the strain in martensite demonstrates 
preliminary shakedown behavior over a few hundred cycles and becomes fully stable 
upon further cycling under low stress (54 MPa). Although preliminary shakedown is 
observed, at higher stresses (106 MPa and higher), the strain continues to evolve at a low 
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rate. The resulting strain levels at failure range from an average of 5.3% to an average of 
9.1%. However, the strain in austenite behaves similarly for all stress levels. The strain 
in austenite demonstrates a similar shakedown behavior but continues accumulating 
plastic strain at a low rate, resulting in averaged strain levels at failure ranging from 
2.1% to 6.2%. The increase of the applied stress level above 100 MPa decreases the 
amount of actuation strain by approximately 0.2%, indicating saturation of the actuation 
performances. The higher the stress level, the more damage is generated upon cycling. 
Additionally, the dislocations introduced during the first thousand cycles are responsible 
for the reduction of the actual maximum transformation strain. Similar behavior is 
observed for partial transformation results with shakedown occurring over a few 
thousand cycles in opposition to a few hundred cycles for complete transformation. 
A summary of the values obtained at failure for the strain in austenite, in 
martensite and for the actuation strain is given in Table 2 and the corresponding cycles 
to failure are summarized in Table 3. The levels of accumulated plastic strain and of 
actuation strain with respect to the different applied stress levels are summarized in 
Figure 14. The results show the influence of the applied stress level on the accumulated 
plastic strain at failure and therefore on the amount of stabilized actuation strain. The 
actuation strain decreases as the accumulated plastic strain reaches higher values under 
higher stresses. The amount of permanent deformations formed under high stresses 
reduces the amount of austenite, which transforms into martensite causing a decrease in 
the available actuation strain.  
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Table 2. Summary of strains recorded at failure for all stress levels and for both complete and 
partial transformation cycles. 
Strain in austenite (%) Strain in martensite (%) Actuation strain (%) 
Test 
conditions 
Stress 
level 
(MPa) Test 
1 
Test 
2 
Test 
3 
Avg. 
Test 
1 
Test 
2 
Test 
3 
Avg. 
Test 
1 
Test 
2 
Test 
3 
Avg. 
Ic 54  2.1 1.9 2.3 2.1 5.2 5.0 5.6 5.3 3.1 3.0 3.3 3.1 
IIc 106  2.5 2.9 3.3 2.9 5.7 6.4 6.5 6.2 3.2 3.4 3.2 3.3 
IIIc 154  4.5 4.1 4.3 4.3 7.6 7.2 7.4 7.4 3.1 3.0 3.1 3.1 
IVc 193  5.2 4.7 5.4 5.1 8.2 7.5 8.0 7.9 3.0 2.8 2.6 2.8 
Vc 247  5.9 6.2 6.4 6.2 8.9 9.0 9.4 9.1 2.9 2.8 3.0 2.9 
Ip 54  1.5 1.7 1.5 1.5 2.6 2.9 2.7 2.7 1.1 1.2 1.2 1.2 
IIp 106  1.2 1.6 1.7 1.5 2.6 2.6 2.7 2.6 1.3 1.3 1.0 1.2 
IIIp 154  2.0 1.8 1.7 1.8 3.0 2.7 2.7 2.8 1.0 0.9 1.0 1.0 
IVp 193  2.5 3.0 2.1 2.5 3.6 4.0 3.2 3.6 0.8 1.2 0.4 0.8 
Vp 247  2.6 2.4 3.6 2.7 3.1 3.2 4.0 3.4 0.9 1.0 0.7 0.9 
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Table 3. Summary of number of cycles to failure for all stress levels and for both complete and 
partial transformation cycles. 
Cycles to failure 
Test 
conditions 
Stress level 
(MPa) Test 1 Test 2 Test 3 Avg. 
Ic 54  12154 8322 4991 8489 
IIc 106  7078 3426 6800 5768 
IIIc 154  1836 2199 2359 2131 
IVc 193  2764 2369 2998 2710 
Vc 247  1224 1325 2013 1521 
Ip 54  38529 41406 53478 44471 
IIp 106  23831 24782 29289 25967 
IIIp 154  29031 34199 33218 32149 
IVp 193  19732 17512 15075 17440 
Vp 247  18564 15502 19634 17900 
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Figure 14. Accumulated plastic strain and stabilized actuation strain at failure as a function of the 
applied stress level for complete transformation (CT) and partial transformation (PT). 
 
2.2.2. Influence  of partial transformation 
 
 In terms of actuation performances and fatigue life, Figure 14 and Figure 15 
characterize the significant influence of partial versus complete transformation cycles. 
By reducing the full amount of actuation strain (~ 3% in complete transformation) by 
nearly half (~ 1% to ~ 1.5% in partial transformation), the strain in martensite reaches 
averaged values ranging from 2.7% to 3.4% while the accumulated plastic strain at 
failure is averaging values from 1.5% to 2.7%.  Figure 15 presents results for the number 
of cycles to failure as a function of the level of applied stress, for both complete and 
partial transformation cycles and the main conclusion is an increase of the fatigue life of 
the SMA actuators by nearly one order of magnitude when partial transformation cycles 
are generated. 
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Figure 15. Applied stress level with respect to the number of cycles to failure for complete 
transformation (CT) and partial transformation (PT). 
 
 The plastic strain accumulation is often considered to be the appropriate failure 
criterion in the case of low-cycle fatigue response of conventional metals [35]. As 
previously observed in Figure 12 and Figure 13, the actuation strain, due to its stable 
response, cannot be used to define a failure criterion. However, the accumulated plastic 
strain exhibits a significant dependency on the number of cycles to failure and can be 
expressed through a Manson-Coffin criterion [22, 26], as shown in Eq. (13). 
 ( )p fN
β
ε α
−
=
                                                      
(13) 
 It was found that for most metals the slope of the Manson-Coffin law can be 
approximated to 0.5 [35], and SMAs seem to follow a similar trend with values 
comprised between 0.46 and 0.54 [22, 23, 26]. The fatigue ductility coefficientα , 
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however, seems to be related to the processing of the alloy. In previous works, it was 
shown that heat treatments had a great influence on the value of the fatigue ductility 
coefficient.  Figure 16 shows the accumulated plastic strain at failure for both complete 
and partial transformation cycles. A smaller fraction of actuation strain results not only 
in an improved fatigue life but also in a lower amount of irrecoverable strain. The lower 
irrecoverable strain level is a result of a lower rate of damage accumulation through 
thermomechanical cycling and leads to an extended life of the SMA actuators. The 
Manson-Coffin approximation, using a fixed β coefficient equal to 0.5, gives less 
conservative approximations. However, it still captures the effect of various amounts of 
transformation strain on the lifespan, as well as on the amount or accumulated plastic 
strain. 
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Figure 16. Accumulated plastic strain at failure for complete and partial transformation 
conditions. Comparison between experimental curves and curve fit for Manson-Coffin 
coefficient β = 0.5. 
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2.2.3. Comparison with corrosion-free fatigue results 
 
Corrosion-free testing conditions were introduced in the subsection 2.1 and results 
from preliminary investigations [22, 40] are now introduced and compared to the present 
study involving a corrosive cooling environment. Figure 17 presents the number of 
cycles to failure versus the level of applied stress for TiNiCu SMA wire actuators 
subject to corrosion-free and corrosive cooling environments. For both complete and 
partial transformation cycles, the corrosive environment leads to a significant reduction 
of the fatigue life of the actuators. Furthermore, it is observed that, at each applied stress 
level, the difference in number of cycles between corrosion and corrosion-free fatigue 
life is larger for partial transformation than for complete transformation. This difference 
indicates that there is a relationship between number of cycles and corrosion. The second 
significant observation is the influence of corrosion on the scattering of the fatigue data. 
In the case of transformation induced fatigue under corrosion, the curve fitting of the 
corrosion fatigue data has a correlation coefficient equal to approximately 0.7 for both 
complete and partial transformations. Those values are indicative of data dispersion 
about the averaged values represented by the curve fitted shown in Figure 17.  The 
correlation coefficient for corrosion-free fatigue data is approximately equal to 0.9, for 
both complete and partial transformation cycles. This result indicates that localized 
damage mechanisms affect the overall macroscopic fatigue response and the behavior of 
the SMA actuators. 
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  In Figure 18, the Manson-Coffin law is applied to corrosion-free and corrosion 
fatigue results for complete transformation cycles only to estimate the validity and 
limitations of the Manson-Coffin criterion. The fatigue ductility coefficient α  changes 
from 2.58 in corrosion-free conditions to 2.65 in a corrosive environment, which 
indicates that corrosion has little influence on the accumulation of plastic strains under 
complete transformation. Moreover, one can observe from Figure 17 that by setting the 
value of the slope β  at 0.5, the corrosion and corrosion-free equations are similar. 
Therefore, the Manson-Coffin criterion does not allow a good estimation of the influence 
of corrosion on the fatigue life. The Manson-Coffin failure criterion has previously been 
investigated for similar alloy composition and proved how the accumulated 
transformation induced plastic strain can be utilized to model failure of SMA actuators 
using a fixed value of 0.5 for the slope β  [18, 22, 40]. However, for different 
environments, the failure criterion does not capture the different fatigue limits under 
similar assumptions.  
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Figure 17. Influence of corrosion on the stress-life response of SMA actuators for complete and 
partial transformation cycles. 
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Figure 18. Influence of corrosion on the plastic strain accumulation response of SMA actuators 
for complete transformation cycles. Comparison between experimental curves and curve fit for 
Manson-Coffin coefficient β  = 0.5. 
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CHAPTER III 
CHARACTERIZATION AND MODELING OF THE TRANSFORMATION 
INDUCED FATIGUE OF TiNiCu SMA ACTUATORS  
 
 In Chapter II, constant stress fatigue testing was performed in corrosive 
environment and compared to corrosion-free fatigue results [26]. Figure 19 presents a 
summary of the experimental fatigue results obtained in Chapter II and characterizes the 
influence of corrosion on the fatigue life of TiNiCu SMA wire actuators. It was found 
that the application of an external voltage to induce resistive heating of the SMA 
actuators was responsible for the reduction of fatigue life, for both complete and partial 
transformation cycles. The experimental conditions of the experiments under corrosive 
conditions are recalled in Table 1. 
 The main results were the observation of the reduction of fatigue life of TiNiCu 
SMA wire actuators in a corrosive environment. The experimental conditions involved 
complete and partial transformation cycles. It was found that both type of transformation 
cycles demonstrated sensitivity to the corrosive environment and led to nearly one order 
of magnitude reduction of the fatigue life of the actuators compared to similar 
experimental conditions performed in a corrosion-free environment. This analysis was 
performed based on the relationship between applied stress and number of cycles to 
failure as well as accumulated plastic strain and number of cycles to failure. 
 Chapter III first presents a microstructure analysis of the post failure TiNiCu 
SMA wire actuators. The results from observations and measurements are discussed and 
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used for a micromechanical stress analysis using a modified shear lag model using 
actuation and accumulated plastic strains. Finally, Chapter III presents simplified 
damage mechanism in order to formulate a damage accumulation renormalization 
procedure that is combined with the Miner’s rule. The purpose is to formulate a fatigue 
life model able to reproduce fatigue life results under corrosive conditions from 
corrosion and corrosion-free fatigue data as well as to predict fatigue life in corrosion-
free conditions from corrosion fatigue test data.  
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Figure 19. Applied stress vs. number of cycles to failure. Fatigue data in complete 
transformation under (a) corrosion-free conditions and (b) corrosive conditions. Fatigue data in 
partial transformation under (c) corrosion-free conditions and fatigue data in partial 
transformation under (d) corrosive conditions. 
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3.1. Microstructure Analysis 
 
 The purpose of Chapter III is to explain the reasons for the development of 
corrosion during transformation cycles and its influence on the reduction of the fatigue 
life of TiNiCu SMA wire actuators. The use of microstructural evaluation, chemical 
analysis and micromechanics is proposed to investigate the effect of a corrosive 
environment on the microstructure and on the reduction of the number of cycles to 
failure of TiNiCu SMA wire actuators under thermally induced constant stress cyclic 
loading. 
 
3.1.1. Fractography 
 
 The investigations were conducted using a JEOL JSM 5800 LV scanning electron 
microscope (SEM) and the measurements presented in the next subsection were 
performed using a LEICA MEF4M metallographic optical microscope 
 Figure 20 show fracture surfaces for test specimens tested in complete and partial 
transformation at 106 MPa. Figure 20(a) and Figure 20(b) show crack initiation areas 
exhibiting smooth morphology and located at the surface of the specimens while final 
stage failure is identifiable near and at the tear lines. Figure 20(c) and Figure 20(d) are 
two examples of stress levels resulting in severe damage leading to crack formation 
across the entire specimens. Figure 20(c) is the fractography of a specimen tested under 
complete transformation conditions at 247 MPa presenting a circular crack located 
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approximately 50 µm under the surface of the specimen. Under partial transformation 
cycles and at 193 MPa, Figure 20(d) exhibits a level of damage higher than under 
complete transformation. This observation is not only supported by the presence of 
circular cracks but also by the formation of cracks through the entire specimen. 
However, the fatigue crack initiation sites are similar in all cases. Fatigue cracks show 
initiation from the surface extended to a large portion of the circumference of the 
specimen.   
  
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 20. Fracture surfaces for samples tested under test conditions (a) IIc (106 MPa, complete 
transformation), (b) IIp (106 MPa, partial transformation), (c) Vc (247 MPa, complete 
transformation) and (d) IVp (193 MPa, partial transformation). 
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 Figure 21(a) and Figure 21(b) corroborate this observation with the assessment of 
a microcrack network covering the entire surface of the SMA actuators. The length of 
the microcracks covering the surface of the actuator is comprised between 5 µm and 10 
µm and the microcracks are circumferentially oriented.  
 
Load direction 
 
(a) 
 
 
Load direction 
 
(b) 
Figure 21. Superficial microcrack patterns for (a) test condition IIIc (154 MPa, complete 
transformation) and (b) test condition IVp (193 MPa, partial transformation). 
 
 The superficial microcracks were found in all tested specimens, for both 
complete and partial transformation cycles. For applied stresses ranging from 154 MPa 
to 247 MPa and from 106 MPa to 247 MPa for complete and partial transformation 
cycles, respectively, the microcracks coalesced and formed circumferential macrocracks 
as shown in Figure 22. Figure 22(a) shows one end of a failed specimen with 
circumferential cracks visible up to 8 mm. It is found that the circumferential cracks are 
distributed in a periodic arrangement on both segments of the ruptured specimen [26, 
54]. This indicates that the final failure occurred approximately in the middle of the 
periodically cracked region. Figure 22(b) and Figure 22(c) illustrate that the crack 
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spacing is dependent on the type of transformation. Therefore, the observation of such 
unique morphology led to additional investigations, such as the measurement of the 
circumferential crack spacing and depth. 
 
 
 
600 µm 
(a) 
 
 
(b) 
 
 
(c) 
 
Figure 22. (a) SEM micrograph of a SMA actuator with periodical circumferential cracks (total 
length = 8 mm, crack spacing ≈ 180 µm). The fracture surface can be seen on the right hand side 
of the specimen. Sample IVc tested at 193 MPa in complete transformation conditions; 
comparison of crack spacing near fracture surface for (b) sample IVc and (c) sample Vp. 
 
3.1.2. Circumferential crack measurements 
 
  Circumferential cracks were identified for stress levels ranging from 154 MPa to 
247 MPa and from 106 MPa to 247 MPa, for complete and partial transformations, 
respectively; therefore, all reported crack measurements correspond to those specific 
stress ranges. The crack spacing was measured for the three specimens at each test 
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condition, and each data point reported in Figure 23 corresponds to an average of the 
crack spacing measurement. The results show that the crack spacing ranges between 140 
µm and 200 µm in complete transformation, while in partial transformation, it ranges 
between 230 µm and 375 µm. In both cases, the crack spacing was reduced with an 
increase of the applied stress level. This result indicates that the amount of 
transformation strain dictates the crack spacing at failure. 
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Figure 23. Circumferential crack spacing as a function of the applied stress. 
 
 Different crack depths were also observed by looking at two different fracture 
surfaces from two experimental conditions, as shown in Figure 24(a) and Figure 24(b). 
Complete and partial transformation cycles performed under an applied stress of 247 
MPa, resulted in failure occurring after approximately 1,200 cycles and 15,000 cycles, 
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respectively. The crack depth for complete transformation was measured between 30 µm 
and 40 µm, while for partial transformation, the crack depth was measured between 60 
µm and 70 µm. The presence of circular cracks, distributed in a periodical arrangement 
showing different spacing and depths under various test conditions, led to the 
assumption that there is a damage mechanism related to the development of a brittle 
surface layer. Therefore, the variation of the crack depth measurements in terms of both 
applied stress level and amount of actuation strain was further investigated. From each 
specimen, four different radial measurements were performed at the location of the 
fracture surface, as shown in Figure 25.  
 
 
 
e = 30 – 40 µm 
e  
 
(a) 
 
 
e = 60 – 70 µm 
e  
 
(b) 
Figure 24. Fracture surface and circumferential crack formation after  (a) ~ 1,200 cycles under 
test condition Vc (247 MPa, complete transformation) and after (b) ~ 15,000 cycles under test 
condition Vp (247 MPa, partial transformation). 
  
 In addition, four additional measurements away from the fracture surface were 
conducted to assess the distribution of the crack depth and to identify any localization. 
The selected locations were 5 mm apart from each other, with the reference point being 
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the fracture surface. Each test condition is represented by three specimens; therefore 
each data reported in Figure 26 corresponds to a crack depth measurement averaged over 
12 measurements.  
 
 
Crack depth /  
brittle surface layer 
 measurements 
(a) (b) 
 
 
Figure 25. Description of the crack depth four radial measurements: (a) schematic of a cross 
section and its four measurements, (b) example of actual optical micrograph used to make the 
crack depth measurements. 
 
 Figure 26(a) and Figure 26(b) represent the crack depth as a function of the axial 
position on the wire, relative to the fracture surface for each applied stress level, for 
complete and partial transformation conditions, respectively. Figure 26(b) indicates that 
a longer fatigue life resulted in deeper circumferential cracks. The crack depth is also 
found to increase near the fracture surface. The crack depth increase at the final failure 
location is most likely attributed to damage localization prior to final failure. 
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Figure 26. Brittle layer thickness or crack depth measurement and evolution as a function of the 
applied stress and of the relative position to the fracture surface, (a) complete transformation, (b) 
partial transformation. 
 
3.1.3. Proposed cyclic damage mechanism 
 
 Under both complete and partial transformation cycles, the actuation strain is in 
the order of a 1% to 3% and the result is the failure of the protective oxide layer 
allowing further oxidation of unpassivated metal. It was observed in the previous section 
that the depth of the circumferential cracks increases with increasing number of cycles to 
failure. Therefore this phenomenon is related to a slow and accumulating process where 
corrosion builds up as the thermomechanical cycles progress. 
 Figure 27 and Figure 28 are schematic representations of how cyclic phase 
transformation and corrosion are working concurrently. Figure 27 corresponds to the 
SMA wire actuator undergoing corrosion upon cooling. The principle is phase 
transformation, generation of inelastic recoverable actuation strain, failure of the 
protective oxide layer and exposure of unpassivated SMA to the corrosive environment, 
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as martensite formation creates upheavals at the surface of the material [33]. Figure 28 
describes how reverse phase transformation is contributing to the insertion of oxides into 
the material. It is expected that from the corrosion process, oxides form and contaminate 
the surface of the metal. This mechanism repeated over an extended number of cycles is 
assumed to the formation of a mixed SMA/oxide region. This region presents evidence 
of damage accumulation due to simultaneous transformation cycles and corrosion. 
 
appliedσ appliedσ
Protective oxide layer broken due to transformation strain 
Detwinned martensite
“Fresh” SMA oxidized 
upon exposure to 
environment
Cracked protective 
oxide layer
Cooling: T ≈ 10°C, austenite transforms into martensite
 
Figure 27. Proposed cyclic corrosion mechanism: SMA actuator was cooled and transformed 
from austenite to martensite. The large transformation strain was responsible for the failure of 
the protective oxide layer, exposing oxide free SMA material to the corrosive environment. 
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Heating: T ≈ 120°C, martensite transforms back into austenite 
Protective oxide layer rebuilt upon heating 
Cyclic saturation of 
surface layer with 
TiO2 oxides 
appliedσ appliedσ
SMA wire actuator become SMA fiber 
enclosed in a composite layer made of 
SMA and oxides.
Cyclically saturated 
surface layer
Oxide free SMA 
 
Figure 28. Proposed cyclic corrosion mechanism: SMA actuator transforms back into austenite 
trapping oxides in a cyclically saturated surface layer. 
 
3.2. Analysis of SMA wire actuator with circular microcracks 
 
3.2.1. Boundary value problem 
 
 The shear-lag model is applied to investigate the stress field generated in the 
surface layer due to stress transfer occurring between the SMA core and the surface 
layer that contains circumferential cracks. The mechanism of crack formation is assumed 
here to initiate with a few random cracks and after a certain amount of cycles and 
periodicity is expected to arise from the development of large axial stresses in the 
surface layer. The geometry of the surface layer suggests that the maximum stress is 
attained at the center of the surface layer, between two consecutive cracks. the saturation 
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of the surface layer is then associated to a failure threshold in the surface layer where no 
additional cracks can be formed, hence leading the SMA core to ultimately bear the 
entire external load, resulting in final failure of the SMA wire actuator. 
 Figure 29 is a schematic representing a section of an SMA wire with a periodic 
distribution of circumferential cracks. Introduced in the previous section and represented 
in Figure 29, the circumferential cracks exhibit both irregular and periodic distributions. 
In the periodic distribution region of the SMA actuators, a representative volume 
element (RVE) is taken between two consecutive circumferential cracks, as shown in 
Figure 29. The presence of a brittle surface layer containing circumferential cracks is 
such that the SMA wire can be modeled as a composite cylinder made of an SMA core 
and a surface layer (SL), perfectly bonded. Therefore, a shear-lag modeling approach is 
one of the possible options to investigate the present stress-transfer problem [55, 56, 57]. 
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Figure 29. Schematic of the periodical microcraking pattern and selection of a representative 
volume element. 
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 In order to avoid stress concentrations issues and to reduce the problem to one-
dimension along the z-axis, quantities such as stress, strain and displacement are 
averaged over the respective cylindrical cross sectional areas of the SMA core and of the 
surface layer. The averaging of an ( ),r z -dependent function into a z -dependent one is 
shown for the SMA core and for the surface layer in Eqs. (14) and (15), respectively. 
 ( )
( )
( )
2 0
1
2 ,
R e
SMA SMA
zz zzf z rf r z dr
R e
π
π
−
=
−
∫
                         
(14) 
 ( )
( )( )
( )
22
1
2 ,
R
SL SL
zz zz
R e
f z rf r z dr
R R e
π
π −
=
− −
∫
                         
(15) 
 Figure 30 shows a free body diagram of the selected RVE shown in Figure 29, 
where the composite cylinder is shown in equilibrium with the SMA core connected to 
the surface layer through an interfacial shear stress ( ) ( ),rzz r zτ σ=  at r R e= − . 
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Figure 30. Force equilibrium for SMA core and surface layer (SL) for the selected RVE. 
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 The balance of linear momentum along the z-axis in each body constituting the 
composite cylinder RVE, combined with the averaging of the axial stresses ( ),SMAzz r zσ  
and ( ),SLzz r zσ , yields an equilibrium between the averaged axial stresses 
SMA
zzσ  
and
SL
zzσ , and the interfacial shear stressτ . The resulting equilibrium gives the two 
coupled differential equations shown in Eqs. (16) and (17). 
 
2
0
SMA
zz
z R e
σ
τ
∂
+ =
∂ −                                              
(16) 
 
( )
2
0
SL
zz SMA
SL
c
z R e c
σ
τ
∂
− =
∂ −
                                          
(17) 
Where SMAc  and SLc  are the respective surface area fraction of the SMA core and of the 
surface layer.  
 Considering the axial stress-strain constitutive equations, the total strain is 
additively decomposed into an elastic and inelastic strain. As the total strain includes the 
elastic contribution due to the application the external load, the inelastic strains to 
consider are the accumulated plastic strain and the actuation strain corrected by the 
elastic strain contribution, i.e. the transformation strain. The detailed formulation of the 
transformation strain is described in Chapter II. The macroscopic nature of the strain 
measurements using LVDTs leads to averaged strain values over the cross section. Due 
to corrosion and formation of the brittle surface layer, we assume that the transformation 
strain is inhibited in the surface layer and only formation of plastic strain remains 
whereas in the SMA core, transformation strain and accumulated transformation induced 
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plastic strain coexist. Therefore, they are denoted by _
SMA
zz inε and _
SL
zz inε , for the SMA 
core and for the surface layer, respectively and the constitutive relations for the SMA 
core and the surface layer are given in Eqs. (18) and (19).  
 
_
SMA
zzSMA SMA
zz zz inSMAE
σ
ε ε= +
                                       
(18) 
 
_
SL
zzSL SL
zz zz inSLE
σ
ε ε= +
                                          
(19) 
Where _
SMA
zz inε and _
SL
zz inε  are expressed in terms of the transformation and plastic strain 
recorded during the fatigue experiments described in Chapter II, as shown in Eqs. (20) 
and (21). 
 _
SMA t p
zz in k kε ε ε= +                                             
(20) 
 _
SL p
zz in kε ε=                                                    
(21) 
The total strain in the SMA core and in the surface layer can be expressed in terms of the 
displacement, as shown in Eqs. (22) and (23), respectively. 
 
SMA
SMA z
zz
u
z
ε
∂
=
∂                                                      
(22) 
 
SL
SL z
zz
u
z
ε
∂
=
∂                                                       
(23) 
There is an equation in the shear-lag model that linearly relates the interfacial shear 
stress τ to the averaged displacement mismatch between the SMA core and the surface 
layer, i.e. 
SMA
zu and
SL
zu , respectively, as shown in Eq. (24). 
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( )( ) ( ) ( )SL SMAz zz u z u zτ = Γ −                                           (24) 
The constant Γ  is proportional to an equivalent interfacial shear modulus and is a 
parameter for which several studies have been conducted. Its formulation is found 
identical to other works [55, 56, 57,] and is given by: 
( ) 1 1 1ln 1
24 2
SL
SL SL
SMA SL
SL SMA
c
c c
R e
c cµ µ
Γ =
  
− + − −                                 
(25) 
It can be shown that by Averaging Eqs. (22) and (23), and combining them with Eqs. 
(16), (17), (18), (19) and (24) the interfacial shear stress τ  satisfies the following 
second order ordinary differential equation, as shown in Eq. (26). 
2
2
2
( )
( )
d z
k z
dz
τ
τ=
                                                   
(26) 
With: 
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*
2
2
2
SMA SL
E
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R e E Eη
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* SMA SL
SMA SLE c E c E= +                                               (28) 
 
1 1 1
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24 2
SL SL
SMA SL
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c c
c c
η
µ µ
 
= + − − 
                                      
(29) 
Solving Eq. (26) and using Eqs. (16) and (17), the stress in the SMA core and surface 
layer are  fully determined and shown in Eqs. (30) and (31): 
 
( ) ( )0 0 0
2
( )SMA kz kzzz z A e B e D
k R e
σ −= − − + +
−
                               
(30) 
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( ) ( )0 0 1
2
( )SL kz kzSMAzz
SL
c
z A e B e D
k R e c
σ −= − + +
−
                        
(31) 
Integration of Eqs. (30) and (31) leads to the expressions for the average axial 
displacements in the SMA core and in the SL, and are shown in Eqs. (32) and (33), 
respectively: 
 
( ) ( )
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0 0 02
2
( )SMA kz kzz SMA SMA
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(32) 
 
( ) ( )
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(33) 
Where 0 0 0 1 0 1, , , , andA B D D F F     are six constants determined from the boundary and 
symmetry conditions. These conditions are summarized in Eqs. (34) - (38). 
 _( / 2)
appliedSMA SMA SMA
zz zz in
SMA
z E
c
σ
σ δ ε= ± − =
                          
(34) 
 
_( / 2) 0
SL SL SL
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(35) 
 ( )( / 2) ( / 2) ( / 2)SL SMAz zz u z u zτ δ δ δ= ± = Γ = ± − = ±                  (36) 
 ( )0 0zτ = =
                                                    
(37) 
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(38) 
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3.2.2. Parameters identification 
 
 In order to investigate the saturation of the surface layer with circumferential 
cracks exhibiting different crack spacing and to evaluate the stress developed in the 
surface layer, the shear-lag analysis requires the elastic properties of both the SMA core 
and the surface layer, the dimensions of the RVE and the amount of inelastic strain 
measured upon fatigue testing. 
 In this problem, the material is considered isotropic; therefore two material 
constants are needed, i.e. Young’s modulus and axial shear modulus for both the SMA 
core and the surface layer, SMAE , SM Aµ  and 
SLE , S Lµ , respectively. The elastic 
properties of the SMA core correspond to the elastic properties of the austenite or of the 
martensite [58], depending on the thermal loading condition. However, the elastic 
properties of the surface layer are more complex to estimate due to corrosion and cracks. 
The modifications of the elastic properties in the surface layer are solely attributed to the 
cyclic damage mechanism, i.e. to the insertion of oxides in the surface of the SMA wire 
actuator. The measurement of the thickness of the surface layer ranges from 
approximately 50 µm to approximately 100 µm, making impossible for a pure oxide 
layer to reach under the present test conditions [28]. Oxidation studies performed on 
NiTi shape memory alloys showed 
2
TiO oxide layer thicknesses ranging between 1 µm 
and 2 µm under severe oxidizing conditions [59]. Therefore, under cyclic 
transformation, we assume that a similar formation is expected.  
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Table 4. Material parameters for SMA core [58], TiO2 oxides [60, 61, 62] and for the surface 
layer in complete and partial transformation conditions. 
 
SMA 
core 
TiO2 
pure phase 
Surface layer 
Complete 
transformation 
Surface layer 
Partial 
transformation 
Volume fraction of 2TiO in 
surface layer 
- - 
2
1%TiOc =  2 2%TiOc =  
Young’s modulus (GPa)  
at high temperature 
67.9 230.0 68.7 69.4 
Young’s modulus (GPa)  
at low temperature 
16.0 230.0 16.3 16.6 
Shear modulus (GPa)  
at high temperature 
26.0 90.0 26.4 26.7 
Shear modulus (GPa)  
at low temperature 
6.2 90.0 6.3 6.4 
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Table 5. Inelastic strain values for SMA core and SL. The values are obtained for fatigue tests 
performed under 154 MPa applied stress. 
 
 
SMA core 
_
SMA
zz inε  
Surface Layer 
(SL) 
_
SL
zz inε  
Test condition Stress level (MPa) 
Plastic strain
 
;pk fk Nε =  
Transformation strain 
 
;tk fk Nε  =  
Plastic strain
 
;pk fk Nε =  
Ic 54 2.1% 2.9% 2.1% 
IIc 106 2.9% 2.8% 2.9% 
IIIc 154 4% 2.4% 4% 
IVc 193 5.1% 1.9% 5.1% 
Vc 247 6.2% 1.7% 6.2% 
Ip 54 1.6% 1% 1.6% 
IIp 106 1.5% 1% 1.5% 
IIIp 154 1.8% 0.6% 1.8% 
IVp 193 2.4% 0.4% 2.4% 
Vp 247 2.9% 0.3% 2.9% 
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 According to the damage mechanism introduced in the previous section, we can 
form the ratio between the oxide formation and the brittle surface layer formation, 
yielding volume fractions of oxides in the surface layer of nearly 1% and 2%, for 
complete and partial transformation, respectively. Considering the proposed damage 
mechanism and the cyclic formation and insertion of oxides in the surface of the SMA 
wire actuator, a Mori-Tanaka homogenization technique is chosen. The low volume 
fraction of high elastic properties oxide particles, i.e. oxE  ~ 230 GPa, in a softer SMA 
matrix, i.e. SMAE  ~ 16 GPa in martensite and SMAE  ~ 67.9 GPa in austenite, make this 
choice the best suited for this problem. The elastic properties of the SMA core, of the 
pure 
2
TiO  phase and of the effective surface layer are summarized in Table 4 [60, 61, 
62]. The amounts of inelastic strain in the SMA core 
_
SMA
zz inε  and in the surface layer 
_
SL
zz inε  are directly taken from the experimental results [28] and are reported in Table 5. 
 The dimensions of the RVE are given by the SMA wire external radius R , the 
surface layer thickness e and the crack spacing δ .  The external radius R  is a given 
constant while the experiments demonstrated that the thickness e and the spacing δ  are 
evolving with the number of cycles and type of transformation, i.e. complete or partial 
transformation. The analysis focuses on the saturation of the surface layer, where no 
additional cracks are formed. Therefore, values for the thickness and spacing are taken at 
final failure of the actuators and are referred to as critical thickness 
cr it
e  and critical 
crack spacing  
cr i t
δ ; the values can be found in Table 6. 
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Table 6. Summary of experimental measurements of crack spacing and crack depth for 
calculation of failure strength in the surface layer using the Shear Lag Model accounting for 
inelastic strains. 
  
Observations / measurements Shear Lag Model 
Test 
condition 
Nominal 
stress (MPa) 
Crack spacing critδ  
(mm) 
Surface layer 
thickness (mm) 
Maximum stress in 
SL at critδ  (MPa) 
Ic 54 - - - 
IIc 106 - - - 
IIIc 154 0.200 0.065 144 
IVc 193 0.160 0.060 108 
Vc 247 0.140 0.040 130 
Ip 54 - - - 
IIp 106 0.375 0.085 129 
IIIp 154 0.300 0.080 116 
IVp 193 0.260 0.065 120 
Vp 247 0.230 0.055 134 
 
 
3.2.3. Results and discussion 
 
 In this analysis, the input parameters are the material constants, the different 
amounts of inelastic strain and the geometry of the saturated surface layer, while the 
output is the axial stress generated in the surface layer.  
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 The state of the SMA is taken in martensite, for which the actuation strain is 
reaching a maximum, resulting in an inelastic strain mismatch between the SMA core 
and the surface layer equal to the total amount of the actuation strain.  The results are 
presented for a nominal applied stress equal to 154 MPa with an averaged inelastic strain 
mismatch equal to 3% and 1.1% for complete and partial transformation cycles, 
respectively. Following the crack formation mechanism introduced earlier, an 
idealization of the last four crack formation steps is presented in Figure 31. From this 
idealized representation, the axial stress in the surface layer 
SL
zzσ  is plotted against the 
four last half-crack spacings, i.e. ( )8 / 2critδ , ( )4 / 2critδ  , ( )2 / 2critδ  and / 2critδ , as shown 
in Figure 32(a) and Figure 32(b), for complete and partial transformation cycles, 
respectively.  
 The results in Figure 32(a) and Figure 32(b) show two different curves for each 
half-crack spacing: one is corresponding to the solution accounting for the actuation 
strain due to martensitic transformation and the other one to a solution where the sole 
elastic response of the SMA core and of the surface layer is considered.  
 The main result is the observation of the maximum stress in the surface layer 
attained in the middle of two consecutive cracks with values approximately equal to 400 
MPa in complete transformation and 210 MPa in partial transformation. The maximum 
stress in the partial transformation case is lower than in complete transformation due to a 
larger thickness of the surface layer, resulting in a larger area to distribute the transferred 
load from the undamaged SMA core. As the crack spacing reduces when cracks are 
formed, the length over which shear stress is transferred is getting smaller leading to a 
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lower stress transfer. From the experimental measurements, no additional cracks were 
formed when the crack spacing reached 
cr i t
δ , indicating that the axial stress in the 
surface layer was not high enough to induce further cracking of the surface layer. 
However, for the penultimate crack spacing 2 critδ , the stress level in the surface layer 
was high enough to induce the last crack formation before saturation. This result 
indicates that in both cases, complete and partial transformation cycles, the failure 
strength of the surface layer was attained, thus defining a stress range corresponding to 
the failure threshold of the surface layer. this result is similar in both complete and 
partial transformation conditions, with a narrower failure threshold range in the case of 
partial transformation. The failure threshold range was found to be from approximately 
144 MPa to 295 MPa for complete transformation and to be from approximately 116 
MPa to 186 MPa for partial transformation. These values are similar to failure strength 
data recorded for 2TiO  oxide that are in a range of 140 MPa to 160 MPa [61, 63], which 
indicates a significant influence of the presence of oxide on the behavior of the SMA 
actuators. Further analyses for the different nominal stresses are reported in a 
comprehensive summary in Table 6. The analysis of the maximum stress developed in 
the surface layer at critical crack spacing critδ  for the different loading conditions, i.e. 
different applied stress level and complete transformation versus partial transformation 
validates the assumption of a failure threshold below which the surface layer can not 
long crack. The other observation is that the type of transformation, complete or partial, 
dictates the crack spacing until saturation. 
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Figure 31. Schematic cross section of an SMA actuator showing circumferential crack formation 
upon axial stress transfer in the surface layer. 
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(b) 
Figure 32. Axial stress profiles versus the crack spacing in the SL of TiNiCu SMA wire 
actuators subject to 154 MPa nominal stress, (a) for complete and (b) partial transformation 
cycles. 
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3.3. Fatigue life modeling under corrosive conditions 
 
 In the previous section, a shear-lag analysis was used to analyze circumferential 
crack formation and the associated saturation mechanism that was observed in Section 3. 
However, to perform fatigue life prediction, a new approach is introduced. The purpose 
of this section is to develop a fatigue life model using results from the analysis of the 
damage evolution coupled with Miner’s rule, and two approaches are presented. One 
approach is semi-predictive using both corrosion-free and corrosion fatigue data, and is 
referred to as direct Miner’s rule. The second approach is fully predictive using only 
corrosion fatigue data to predict results in corrosion-free conditions, and is referred to as 
inverse Miner’s rule.  
 
3.3.1. Stress renormalization procedure using cracked surface layer evolution 
 
 The formation of circumferential cracks results in SMA actuators no longer 
subject to a nominal stress 
appliedσ  but to a larger stress. In this Section, the cracks are 
assumed to exist in the material, with a theoretical thickness equal to zero at the 
beginning of the experiments. From this assumption, a damage accumulation law is 
identified for which the crack depth measurements made in Section 2 and shown in 
Figure 26 are plotted against the number of cycles to failure, and are shown in Figure 33. 
Considering the sole action of corrosion, the surface layer would strictly consist of an 
oxide layer and its evolution law would be parabolic due to the absence of repeated 
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actuation [64, 65]. However, in the current study, corrosion is coupled with 
transformation cycles under constant stress. Assuming that there is no initial oxide layer, 
to the exception of a passivation layer a few nanometers thick [59], the data presented in 
Figure 33 are approximated with a linear equation using a least square approximation 
technique, enforced to be equal to zero, at zero cycle.  
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Figure 33. Experimental measurement of surface layer thickness (crack depth) with respect to the 
number of cycles to failure. Experimental data is shown for complete transformation (CT) and 
partial transformation (PT). 
 
 The crack depth, related to the formation of a damaged surface layer and defined 
as CT
SLe  in complete transformation and 
PT
SLe  in partial transformation, is expressed as a 
linear function of the number of cycles N , as shown in Eqs. (39) and (40), respectively. 
( )CT CTSLe N Nγ=  (39) 
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( )PT PTSLe N Nγ=  (40) 
With CTγ  and PTγ  damage accumulation coefficients for complete and partial 
transformations, respectively. In reality, the formation of damage corresponds to an 
incremental accumulation of damage as the number of cycles increases towards the final 
failure of the SMA actuators. However, the proposed formulation using a linear 
relationship between the damaged surface layer and the number of cycles results in the 
definition of continuous damage formation. The transition from discrete to continuous 
enables to work with integral formulations rather than with summations. This transition 
is the basis for the proposed modeling approach.  
 The continuous renormalization of the actual applied stress to the SMA wire 
actuators can therefore be expressed from the nominal stress level applied to the SMA 
actuators, as shown in Eqs. (41) and (42). 
( )
( )
( )
( )
and
applied appliedCT PT
renorm renormCT PT
SMA SMA
N N
c N c N
σ σ
σ σ=          =
   
(41)
 
( )
( )
( )
( )
2 2
andSL SL
CT PT
CT PT
SMA SMA
R e N R e N
c N c N
R R
   − −
   =           =
   
      
(42)
 
appliedσ  is the nominal applied stress level to the SMA actuator prior to corrosion and 
crack formation. R  is the initial radius of the actuator, and 
CT
renormσ  and 
PT
renormσ are the 
averaged renormalized  stress level due to the growth of circumferential cracks at the 
surface of the SMA actuators. 
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3.3.2. Fatigue life modeling using Miner’s rule  
 
 Miner’s rule is one of the oldest approaches to fatigue life correction due to 
variable cyclic loading. In conventional metal fatigue, Miner’s rule is applied to varying 
stress levels that result in different levels of damage accumulated over the life of the 
metallic component. In the case of the SMA wire actuators investigated in this work, the 
damage is characterized by a continuous stress increase due to circumferential crack 
growth. 
 The fatigue life or total fatigue life of a component is divided into initiation life 
and propagation life. The initiation life corresponds to the microscopic phenomena that 
occur upon cyclic loading leading to the initiation of a first crack, which is usually very 
difficult to identify, while propagation life corresponds to the propagation of an initiated 
crack that reached the macroscopic scale resulting in nearly constant crack growth under 
cyclic loading [66]. While a fracture mechanics framework would allow more accurate 
results on the propagation contribution of the fatigue life, the initiation part, in the other 
hand, can be inaccurate. In the specific case of SMA wire actuators tested under 
corrosive conditions, the stress renormalization procedure is applied from the beginning 
of the cycles, as the coupling between corrosion and cyclic phase transformation is 
induced from the first cycle until failure. This indicates that we assume a crack with a 
theoretical thickness equal to zero that is growing until failure occurs. A fracture 
mechanics approach requires an initial crack size to monitor its evolution and 
propagation until the crack reaches a critical size leading to instability and final failure. 
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The proposed assumption represents the basics for the application of Miner’s rule in our 
case. This model corresponds to the first attempt to model the fatigue life of SMA wire 
actuators under coupled cycle phase transformation and corrosion. 
 
3.3.2.1 Model formulation 
 
 The stress renormalization procedure, i.e. damage accumulation formulation, can 
be schematically represented for each nominal applied stress level, as shown in Figure 
34.  
 
N
( )renorm fNσ
( )*N N
( )0renormσ
dN
( )renorm Nσ
( )* fN N
S
tr
e
s
s
Cycles
0
( )* *Nσ
( )* 0N
 
Figure 34. Representation of the renormalized applied stress level and corresponding available 
cycles to failure from corrosion-free fatigue limit to corrosion fatigue life reduction. 
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 The fatigue data obtained in corrosion-free environment allows the definition of 
the continuous corrosion-fatigue life shown in Figure 19 with their respective equations 
summarized in Table 7.  
 
Table 7. Semi-logarithmic curve fitting equations from Figure 19, measured in MPa. 
Transformation Corrosive conditions Corrosion-free conditions 
Complete transformation ( ) ( )87.7 ln 860.6N Nσ = − +  ( ) ( )* *95.8ln 1057.9N Nσ = − +  
Partial transformation ( ) ( )151.5 ln 1689.7N Nσ = − +  ( ) ( )* *147.3ln 1723.6N Nσ = − +  
 
The fatigue life equations are linear in the semi-logarithmic space; therefore they are 
defined as semi-logarithmic functions, as shown in Eqs. (43) and (44). The corrosion-
free fatigue life can be written as shown in Eq. (43). 
 ( ) ( )* * * * *lnN A N Bσ = +  (43) 
With * * * *andN A Bσ, ,    the number of cycles to failure under corrosion-free conditions, 
the corrosion-free nominal stress level applied to SMA wire actuator that will result in a 
number of cycles to failure *N , the slope and the position of the corrosion-free stress-
life equation, respectively. The corrosion fatigue life can be written in a similar manner, 
as presented in Eq. (44). 
 ( ) ( )lncorr f corr f corrN A N Bσ = +  (44) 
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With andf corr corr corrN A Bσ, ,    the number of cycles to failure under corrosive 
conditions, the nominal stress level applied to the SMA wire actuator under corrosive 
conditions that will result in the number of cycles to failure fN , the slope and the 
position of the corrosion stress-life equation, respectively. 
 The assumption is made that the stress level increase due to damage 
accumulation results in the reduction of the number of cycles to failure of an equivalent 
SMA actuator, tested in corrosion-free conditions. This assumption allows to define the 
number of cycles to failure in corrosion-free conditions *N with the number of cycles at 
which damage is introduced N , as graphically shown in Figure 34, and expressed in Eq. 
(45) and Eq. (46). 
 ( ) ( )* *renorm N Nσ σ=  (45) 
 ( )
( )
2
*
*
1
*
applied
SL
R
B
R e NA
N N e
σ
   −   −  =  (46) 
In order to use the Miner’s rule, a damage fraction needs to be defined. The 
infinitesimal damage fraction dD  is the infinitesimal number of cycles dN  consumed at 
the stress level ( )corr Nσ  over the corresponding number of cycles to failure under 
corrosion-free conditions ( )*N N . 
( )*
dN
dD
N N
=  (47) 
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 The summation of the damage fractions over the number of cycles to failure 
fN  
is theoretically equal to one and has been found experimentally to range between 0.7 and 
2 [35, 67, 68, 69], as given in Eq. (48). 
 
0
0.7 2
fN
dD≤ ≤∫  (48) 
 The variation in the values is due to the variations in the load history, i.e. low-
high and high-low load conditions for example [35], and the rule was found to be more 
accurate when damage was following a low-high load history. Here, the SMA actuator is 
continuously accumulating damage with a damage level that is stress dependent. Those 
conditions are favorable to the use of Miner’s rule. Hence, we propose the formulation 
of a continuous Miner’s rule using continuous damage accumulation. The continuous 
Miner’s rule can be written as shown in Eq. (49). 
 
( )
2
*
*
10
1
1
f
applied
SL
N N
RN B
R e NA
dN
e
σ
=
  =  −   −  
 =∫  (49) 
 The proposed Miner’s rule can be directly applied to a damage law due to 
corrosion and to corrosion-free fatigue results to determine the number of cycles to 
failure under corrosive conditions. However, by taking a inverse approach, corrosion-
free fatigue life can be predicted from corrosion fatigue results and damage evaluation. 
The two different approaches will be discussed next. 
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3.3.2.2. Direct Miner’s rule 
 
 In order to determine the number of cycles to failure under corrosive conditions, 
the knowledge of the nominal applied stress 
appliedσ ,  of the damage evolution equation 
( )SLe N , of the stress renormalization function ( )corr Nσ  and of the corrosion-free 
fatigue life ( )* *Nσ  is needed to be able to predict the number of cycles to failure fN . 
This is what the authors define to as direct Miner’s rule. Its resolution requires the 
computation of one non-linear integral equation with the unknown 
fN , as shown in Eq. 
(49). The numerical solution from the non-linear equation yields a number of cycles to 
failure per each nominal stress level 
appliedσ . The predictions for complete and partial 
transformation conditions performed in a corrosive environment are shown in Figure 35 
and Figure 36, respectively.  
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Figure 35. Direct Miner’s rule: comparison of corrosion fatigue life predictions to experimental 
corrosion fatigue data, for complete transformation cycles. 
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Figure 36. Direct Miner’s rule: comparison of corrosion fatigue life predictions to experimental 
corrosion fatigue data, for partial transformation cycles. 
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 The main result is that the predictions are found well between the experimental 
data, which indicates that the model is working well under such conditions. Furthermore, 
the damage evolution shown in Figure 33 was modeled with fatigue data corresponding 
to stress levels ranging between 154 MPa and 247 MPa for complete transformation and 
between 106 MPa and 247 MPa for partial transformations. Therefore, the determination 
of the number of cycles to failure 
fN  for nominal stress levels of 54 MPa and 106 MPa 
in complete transformation and 54 MPa in partial transformation is predictive and 
represents a way to validate the model assumptions. The results from the predictions 
under such stress levels also show excellent agreement with the experimental, hence 
validating the model formulation. 
 
3.3.2.3. Inverse Miner’s rule 
 
 The direct method is however limited in the sense that it requires both corrosion 
and corrosion-free fatigue data. Hence the definition of the inverse Miner’s rule to make 
use of only corrosion fatigue data in order to define a fully predictive model to model the 
corrosion-free fatigue life of SMA actuators. 
 In the inverse Miner’s rule, the inputs to the model are the nominal applied stress 
level 
appliedσ , the damage evolution ( )SLe N , the stress renormalization function 
( )corr Nσ  and the number of cycles to failure fN  where the unknown is the corrosion-
free fatigue life ( )* *Nσ . The direct Miner’s rule was producing a number of cycles to 
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result for each nominal applied stress level. Here, the inverse Miner’s rule is slightly 
more complicated in the sense that to define the number of cycles under corrosion-free 
conditions *N , one needs to determine the coefficients *A  and *B , introduced in Eq. 
(43). From experimental results in both corrosive and corrosion-free testing conditions, 
the slopes of the applied stress versus cycles to failure curves are very similar, for both 
complete and partial transformation conditions, as shown in Figure 19 and Table 7. This 
experimental result permits rewriting Eq. (43) with the coefficient *B remaining 
unknown, as shown in Eq. (50). 
 ( ) ( )* * * *lncorrN A N Bσ = +  (50) 
 The new formulation for the cycles to failure in corrosion-free testing conditions 
simplifies the problem from a highly non-linear system of integral equations in *A  and 
*B  to a series of equations for which the remaining unknown is *B . To each nominal 
applied stress levels 
appliedσ  corresponds a unique value for 
*B , which are then averaged 
to give the predictions shown in Figure 37 and Figure 38. To ensure reasonable results 
and to avoid any upper and lower bounds in the selected stress levels, the *B  coefficients 
are calculated for nominal stress levels equal to 106, 154 and 193 MPa. The 
determination and averaging of the *B  coefficients yields average values equal to 1093.6 
and 1757.5, for complete and partial transformations, respectively. The results show 
good agreement with the experimental fatigue data obtained under corrosion-free 
conditions, for both complete and partial transformation conditions. The predictions are 
slightly conservative and validate the definition of the inverse Miner’s rule.  
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Figure 37. Inverse Miner’s rule: comparison of corrosion-free fatigue life predictions to 
experimental corrosion-free fatigue data, for complete transformation cycles. 
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Figure 38. Inverse Miner’s rule: comparison of corrosion-free fatigue life predictions to 
experimental corrosion-free fatigue data, for partial transformation cycles. 
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 The results show satisfying agreements to the experimental data and damage 
accumulation under corrosive conditions modeling using stress correction function 
coupled with a Miner’s rule of damage accumulation. The model demonstrates less 
accurate predictions towards higher stress levels. The modeling of stress correction at 
high stress and of fatigue life predictions due to corrosion is more likely to generate 
errors. The errors are due to the development of very high stresses that are no longer 
admissible in the frame of low-cycle fatigue but more in an intermediate one, i.e. 
between monotonic and low-cycle fatigue regime. Therefore, the response of the 
material is expected to differ. Despite the observed relatively low discrepancies between 
the numerical and experimental results, we can conclude that the damage accumulation 
theory using a nominal stress correction criterion due to crack formation is a valid 
approach to represent the influence of corrosion on the fatigue response of SMA 
actuators. 
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Table 8. List of parameters used for the direct and inverse Miner’s rule. 
 
Direct Miner’s rule parameters 
 Complete transformation (CT) Partial transformation (PT) 
SMA actuators wire radius 
R  
0.3R mm=  0.3R mm=  
Surface layer evolution 
coefficient γ  
636.4 10 /CT mm Nγ −= ×  63.4 10 /PT mm Nγ −= ×  
* *95.8 /A MPa N= −  * *147.3 /A MPa N= −  
Corrosion-free stress-life 
equation coefficients 
* 1057.9B MPa=  * 1723.60B MPa=  
*87.7 /corrA MPa N= −  
*151.5 /corrA MPa N= −  
Corrosion stress-life 
equation coefficients 
860.6corrB MPa=  1689.7corrB MPa=  
   
Inverse Miner’s rule parameters 
 Complete transformation (CT) Partial transformation (PT) 
SMA actuators wire radius 
R  
0.3R mm=  0.3R mm=  
Surface layer evolution 
coefficient γ  
636.4 10 /CT mm Nγ −= ×  63.4 10 /PT mm Nγ −= ×  
* *87.7 /corrA A MPa N= = −  
* *151.5 /corrA A MPa N= = −  
Corrosion-free stress-life 
equation coefficients 
* 1057.9B MPa=  * 1723.6B MPa=  
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CHAPTER IV 
TRANSFORMATION INDUCED FATIGUE OF Ni-RICH NiTi SMA ACTUATORS: 
EXPERIMENTS AND RESULTS 
 
In this chapter, the transformation induced fatigue testing of Ni-rich NiTi SMA 
actuators will be presented. The purpose of this chapter is driven by the new and unique 
properties of the precipitation hardening found in Ni-rich NiTi SMAs. The enhanced 
cyclic stability and training ability of the alloy make it a premium choice for the 
aerospace industry and their potential applications [45, 48, 49]. The need for the Boeing 
Company to determine and certify the fatigue life of SMA actuators for future jet noise 
reduction applications is another element that confirms the necessity to investigate the 
transformation induced fatigue life of Ni-rich NiTi SMA actuators [14, 15]. As a new 
class of material, the Ni-rich NiTi SMA is still under investigation. However, the 
dominant factor of failure in complex structures is cyclic loading. 
Constant stress thermally induced transformation cycles will be performed on 
small dogbone SMA actuators. A parametric study on the cyclic response and 
transformation fatigue behavior of Ni-rich NiTi SMAs led to the optimization of several 
material/process and test parameters, namely: the applied stress range, the heat 
treatment, the heat treatment environment and the specimen thickness. The purpose of 
this thermomechanical fatigue study is to evaluate the shape recovery stability, the 
influence of large applied stresses, the amount of permanent deformation and the 
resulting failure mechanisms in Ni-rich NiTi SMA actuators. 
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Due to different processing methods, different surface properties are found to 
have an influence on the fatigue life. Recast layer form upon wire EDM cutting and an 
oxide layer form upon heat treatment; therefore all surface layers were removed. Then 
an ultra-fine surface finish (0.1µm) is applied to eliminate any external factors such as 
oxide layer/recast layer, microcracks and other surface defects (discussed in Chapter V).  
 
SMA beams
 
Figure 39. Boeing Variable Geometry Chevrons at the fan nozzle of jet engines for noise 
reduction [15]. 
 
4.1. Fatigue test specimens 
 
The material used in this work is a Ni-rich 60 40Ni Ti  (wt.%) Shape Memory 
Alloy. The geometry of the specimens was driven by the fatigue frames capabilities and 
by the configuration of the actual VGC application. The fatigue frame used to perform 
fatigue testing has a load capacity of nearly 100 lbs (~ 45 kg), therefore loads transmitted 
to the SMA actuators through application of a dead weight cannot be higher than 33 lbs 
per specimen, as the fatigue frame can test three Ni-rich NiTi fatigue specimens at a 
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time. The beam geometry of the actual SMA actuator for the VGC application is 
designed as a curved constant stress profile beam, i.e. cross-section reduction from the 
root towards the tip (Beam design proprietary of Boeing), as shown in Figure 40. The 
beam dimensions are 10 in (254 mm) long and 1.5 in (38.1 mm) wide, and a thickness 
ranging between 0.065 in (1.65 mm) at the tip and 0.175 in (4.45 mm) at the root. 
 
 
Figure 40. Ni-rich NiTi SMA curved beam profile clamped against aluminum elastic structure 
for load-displacement analysis. 
 
Validation results
Nearly constant stress surface of 
SMA beam actuator
Region of maximum loading 
undergone by SMA beam
 
 
Figure 41.Ni-rich NiTi SMA beam actuator with highlighted nearly constant stress 
profile and location of maximum stress fields. 
 
Due to the bending nature of the SMA beam actuation, surface stresses are 
maximum. The presence of tapped holes in the SMA beam will account for additional 
stress concentration, therefore without additional external damage; repeated loading of 
the SMA beam is most likely to initiate cracks and failure at the root. In order to 
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represent fatigue damage and failure in a similar geometry, thin dogbone specimens with 
a thickness to width ratio similar to the one seen in the actual SMA actuators mounted 
onto the VGCs, seen in Figure 42. 
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Figure 42. Drawing of the selected shape for Ni-rich NiTi fatigue test specimen. 
 
With a total length of 2.75 in (69.85 mm) and a test gauge of 1.3125 in (33.34 
mm), three different thicknesses were selected to assess any size effect on the fatigue 
life. The three selected thicknesses were 0.005, 0.01and 0.015 inches (0.127, 0.254, and 
0.381 mm respectively). 
 
4.2. Heat treatments, transformation temperatures and thermomechanical response 
 
4.2.1. Heat treatments 
 
One particular property of the Ni-rich 60 40Ni Ti  SMA is that it can exhibit SME 
without any cold work process [50, 51]. The presence of precipitates favors the storing 
of elastic energy and therefore the realization of recoverable strains upon martensitic 
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phase transformation [45, 46]. The proportions, the distribution and the composition of 
the precipitates can be modified / adjusted by applying appropriate heat treatments [44, 
48]. The heat treatments consist of a homogenization treatment of one hour at 850°C 
with furnace controlled cooling (FC) to allow homogenization and formation of 
precipitates. The shape-set is then followed by an aging treatment of either 1 or 20 hours 
at 450°C, subsequently followed by water quench cooling (WQ). A summary of the 
different heat treatments is given in Table 9. The selected heat treatments were chosen to 
have different thermomechanical response with different hysteresis and transformation 
temperatures due to the high precipitation and Ni-rich exchange between the NiTi matrix 
and the Ni-rich precipitates [45, 50, 51] but also  in order to obtain transformation 
temperatures for one heat treatment (HT#1) with a low 0fM  allowing passive 
transformation into the martensitic phase when reaching cruising flight altitudes and 
HT#2 with a higher 0fM  to allow the active control of the actuation from the inside of 
the airplane [15, 49]. 
 
Table 9. Identification and description of the different applied heat treatments. 
Shape-Set Treatment Homogenization: 1 hr. @ 850°C + 12 hrs. FC 
Heat Treatment #1 
 (HT#1) 
Homogenization: 1 hr. @ 850°C + 12 hrs. FC 
+ 
Aging: 1 hr. @ 450°C + WQ 
Heat Treatment #2  
(HT#2) 
Homogenization: 1 hr. @ 850°C + 12 hrs. FC 
+ 
Aging: 20 hr. @ 450°C + WQ 
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4.2.2. Transformation temperatures 
 
After the presentation of two different heat treatments, HT#1 and HT#2, the 
determination of the transformation temperatures is needed to characterize any 
differences due to microstructural modifications in terms of precipitates. For this 
purpose, a differential scanning calorimeter (DSC) was used to determine the 
transformation temperatures under zero-stress, as seen in Figure 43 and Figure 44. The 
method of intersecting tangents was used to determine the zero-stress transformation 
temperatures indicated in Table 10. The latent heat of transformation can be estimated 
by calculating the peak area defined by the onset and end of transformation. It appears 
clearly that HT#2 (Figure 44) has a larger latent heat of transformation than in HT#1 
(Figure 43).  
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Figure 43. DSC results for 60 40Ni Ti  SMA for HT#1: tangent method applied to determine 
transformation temperatures. 
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Figure 44. DSC results for 60 40Ni Ti  SMA for HT#2: tangent method applied to determine 
transformation temperatures. 
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Figure 45. Summary and comparison between DSC results for 60 40Ni Ti  SMA processed with 
the two different heat treatments HT#1 and HT#2, compared to the initial shape-set treatment 
transformation temperatures. 
 
Table 10. Transformation temperatures for 60 40Ni Ti  SMA. 
HT#1 
M0s = 4°C 
M0f = -7°C 
R0s = 45°C 
R0f = 25°C 
A0s =32°C 
A0f =45°C 
HT#2 
M0s = 24°C 
M0f = 20°C 
R0s = 46°C 
R0f = 37°C 
A0s =48°C 
A0f =59°C 
 
The results indicate a significant increase of the transformation temperatures from 
HT#1 to HT#2. One can also identify from Figure 43 and Figure 44 the amount of latent 
heat of transformation, characterized by the area defined by the peak and the intersecting 
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tangents. The latent heat of transformation observed in HT#1 is much less than in the 
case for HT#2. 
It is also important to note that at zero stress, M0f is below the cooling temperature 
of the fatigue testing apparatus. However, under the application of non-zero stress and 
due to the near-linear relationship between transformation temperature and applied stress 
(Clausius-Clapeyron equation, 8 MPa/°C < CM < 10MPa/°C, CM: stress coefficient), the 
transformation temperature increases ( fM reaches a value of +2.5°C to +5°C when 
loaded under 100MPa constant stress). Therefore, one can be assured that full 
transformation cycles were achieved for the selected stress range (100 MPa – 250 MPa). 
 
4.2.3. Thermomechanical response 
 
The relatively high cycling frequency achieved during fatigue testing in the custom 
built fatigue test frame may have some influence on the completion of the 
thermomechanical transformation cycles undergone in the SMA specimens. Therefore, 
near quasi-static thermal actuation tests were achieved on an MTS thermomechanical 
test frame, for heat treatments HT#1 and HT#2, as shown in Figure 46 and Figure 47, 
respectively. In order to test such small specimens under constant stress loading 
conditions, a 150 lbs load cell was used and a heating / cooling chamber was mounted to 
the frame with extensometer and thermocouples attached to the specimens. 
 The loading paths for both heat treatments are presented in Figure 48. The loading 
path is shown for each constant applied stress level, in terms of the zero-stress 
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transformation temperatures. The hysteresis loops for 50 MPa, 150 MPa and 250 MPa 
are reported in Figure 49 and Figure 50, for HT#1 and HT#2 respectively. 
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Figure 46. Overview of the MTS thermomechanical test frame with heating/cooling chamber. 
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Figure 47. Inside view of the heating/cooling chamber with fatigue test specimen mounted in 
MTS loading stage with thermocouples and extensometer. 
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Figure 48. Loading paths for (a) heat treatment HT#1 and (b) heat treatment HT#2  
with Tinit = room temperature. 
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Figure 49. Constant stress hysteresis loops for 60 40Ni Ti  SMA aged under HT#1 conditions. 
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Figure 50. Constant stress hysteresis loops for 60 40Ni Ti   SMA aged under HT#2 conditions. 
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From the tests performed under quasi-static conditions for HT#1, we can observe 
smooth phase transitions with low residual strain upon completion of the 
thermomechanical cycle. In the case of HT#2, we can see sharp phase transitions with a 
consequential amount of non-recoverable strain upon completion of the 
thermomechanical cycle. One can see from both tests (HT#1 and HT#2) that under 50 
MPa stress level the R-phase identified during the DSC measurement is visible with a 
two stage transition upon cooling. Under larger stress levels, the R-phase is 
transformation is not visible anymore due to the large detwinning generated during the 
martensitic transformation. 
The amount of recoverable strain generated for both HT#1 and HT#2 from the 
quasi-static testing are reported in Table 11 and are compared to values obtained in the 
fatigue frame. 
 
Table 11. MTS constant stress test results vs. constant stress test results from fatigue frame. 
 
 
 
50MPa 
(HT#1 / HT#2) 
150MPa 
(HT#1 / HT#2) 
250MPa 
(HT#1 / HT#2) 
MTS loading 
stage 
0.35% / 0.35% 0.7% / 0.75% 1.3% / 1.0% 
Fatigue frame 0.25%* / 0.35%* 0.6% / 0.7% 1.1% / 1.0% 
*These values were found to be within the measurement noise produced by the LVDTs. 
 
These results validate that the fatigue frame can perform as well as the 
thermomechanical testing frame in terms of amount of recoverable strain. There was 
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another feature from the different heat treatments that has been identified. The amount of 
latent heat of transformation in the case of HT#1 is smaller than in the case of HT#2. 
The specimen that exhibiting the least amount of latent heat of transformation (HT#1) 
was characterized by a more gradual transformation occurring upon thermal loading 
under the application of constant stress. The specimen exhibiting the highest amount of 
latent heat of transformation (HT#2) displayed a sharp and quick transformation under 
the same conditions. This is another indication that significant microstructural 
differences were generated with the application of these two different heat treatments. 
 
4.3. Experimental setup and cooling environment 
 
The identification of the loading conditions of the SMA components led to the 
definition of a series of uniaxial constant load thermal cycles, showed in Figure 51. The 
following schematic represents the stress-temperature phase diagram of NiTi SMAs. The 
horizontal double arrow indicates the selected loading path, i.e. constant load thermal 
cycles. The selected stress range is 100 MPa to 250 MPa to represent the minimum and 
maximum load generated in the VGC during actuation in service [52]. 
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Figure 51. Schematic of the martensitic phase transformation phase diagram for NiTi SMA with 
a representative constant stress loading path. 
 
The experiments are performed in the same fatigue test frame presented in Chapter 
II, as shown in Figure 5 and Figure 6. The difference from Chapters II and III however is 
the selection of a new blend of waterless ethylene and propylene glycol coolant for 
enhanced corrosion resistance. The selected coolant is NPG+ (non-aqueous propylene 
glycol) from Evans Cooling systems Inc. the heating and cooling methodology are also 
identical to what was used in Chapter II. The displacements of the SMA actuators are 
recorded through LVDT transducers and the strains in the austenitic and martensitic 
states are used to define total, plastic and recoverable strains. The equations defined in 
Chapter II, i.e. Eqs. (1) - (12), are still valid and are applied to determine the strains in 
austenite, martensite as well as the actuation strain. Thermal loading cycles are achieved 
at a frequency of approximately 0.1 Hz. The advantage of such design is the capacity to 
produce thermomechanical fatigue data between 48 hours and one week in average. 
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 The results seen in Chapters II and III support the fact that phase transformation 
induced under resistive heating is sensitive to the cooling environment. Therefore a new 
custom built fatigue frame using gaseous Nitrogen cooling was developed, as shown in 
Figure 52 and Figure 53. The glycol coolant temperature was maintained at nearly 5°C 
which resulted in about 8 seconds cooling time to achieve full forward transformation. 
The gaseous Nitrogen was sprayed in a closed and insulated chamber that allowed 
temperatures to reach and maintain a constant -20°C, resulting in similar actuation 
frequency of approximately 0.1 Hz. Details of the design and specifications of the new 
fatigue frame using GN2 can be found in [70]. 
 The use of a dry, corrosion-free environment is selected to reflect better the 
actual working conditions of the SMA beams in the VGCs. The actuators are embedded 
in a composite substrate that prevents the actuators to be exposed to any corrosive 
environment. Therefore, corrosion-free fatigue testing of the fatigue test specimens is 
needed.  
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Figure 52. Custom built constant stress fatigue test frame using sprayed gaseous Nitrogen 
coolant [70]. 
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Figure 53. Nitrogen frame environmental chamber [70]. 
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4.4. Selected parameters and fatigue test matrix 
 
The present research effort underlies the analysis of the influence of different 
parameters on the fatigue response of nickel-rich SMA actuators. The application of 
thermomechanical cycles is conducted until failure of the SMA specimens is achieved. 
Therefore, seven different parameters were selected to be scrutinized in terms of 
influence on the stress life response as well as on the level of accumulated plastic strain 
at failure. They are divided in two categories, the material and process parameters and 
the test parameters. 
 
4.4.1. Process parameters 
 
As discussed earlier, Ni-rich NiTi SMA have the unique capacity to exhibit SME 
by formation of precipitates that affect the local stress field and therefore resulting in 
assisting the phase transformation in the NiTi matrix. Therefore, heat treatments have 
become a key parameter to tune and adjust the SMA actuators behavior and 
performances. 
The process parameters are parameters related to the elaboration and 
thermomechanical treatments that were performed on the material prior to fatigue 
testing. Hot rolling at 900°C was performed to shape the solidified ingot into large plates 
from which the actual SMA beam actuators for the VGC application are cut. The fatigue 
specimens described in subsection 4.2 were also cut from the same hot rolled plate.  The 
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post hot rolled material cut to the desired shape, were shape-set. The shape set treatment 
is a constrained heat treatment at in the range of homogenization temperatures. This 
treatment is performed at 850°C during one hour and then the material is slowly cooled. 
The result is the permanent shape of a particular geometry achieved during 
homogenization treatment, i.e. SMA beam actuators for the VGC is initially flat prior to 
being clamped on curved fixture and then homogenized. For this study, the shape-set 
treatment is slightly different with the fatigue test specimen having non constrained heat 
treatments. After shape setting of the SMA actuators, aging treatments were applied with 
at lower temperatures and for different times. The selected aging treatments are 450°C 
during one hour for one set of actuators and twenty hours for the other set of specimens. 
However, for the aging treatments, water quenching is used to fix the metastable nature 
of the formed precipitates during aging. The details on the microstructure resulting from 
the various heat treatments will be discussed in Chapter V. 
While the atmosphere does not seem relevant for the aging treatments at 450°C, 
it becomes a crucial element during the shape set treatment performed at 850°C. 
Therefore, for production enhancement purposes and identification of its effects, the heat 
treatments were performed in two different atmospheres, vacuum or air.  
 
4.4.2. Test parameters 
 
 Test parameters are numerous, making the identification of the most important 
parameters more difficult. This is accentuated when the tests are to be performed on a 
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custom designed test setup. However, for SMAs, one can establish a list of parameters 
common to most SMAs, in the optic of a possible standardization, namely: applied stress 
level, amount of actuation strain, specimen dimensions, specimen surface quality, testing 
environment, etc. In this parametric study, the focus is on the applied stress level, the 
specimen geometry, the heat treatment environment, i.e. high vacuum versus air heat 
treatment, and the heat treatment time. 
 Selection of a set of parameters and consolidation of the fatigue data with focus 
on the influence of surface quality and of the cooling environment will be introduced 
later in the Chapter and will be the basis for the discussion on the failure mechanisms 
identified in Chapter V.  
 The constant applied stress ranges from 100 MPa to 250 MPa in 50 MPa 
increments. The specimen thickness is a parameter that allows for observation of size 
effect. The three selected thicknesses were 0.005, 0.01 and 0.015 inches (0.127, 0.254, 
and 0.381 mm respectively). The selected thicknesses correspond to the realization of 
the designed stress level to accommodate the dimension and load capacity of the fatigue 
test frame. Three different thicknesses are chosen to investigate the size effect of the 
specimen cross section on the transformation induced fatigue. 
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4.4.3. Fatigue test matrix 
 
 The first series of experiments correspond to a parametric study investigating the 
influence of various parameters on the fatigue life and plastic strain accumulation 
response of the Ni-rich NiTi SMA actuators, as shown in Table 12. 
 The second series of experiments, conducted by Justin R. Schick in his master’s 
thesis [70], corresponds to the characterization of the influence of surface quality and of 
the cooling environment on 60 40Ni Ti  SMA actuators after selection of the second heat 
treatment performed in high vacuum, i.e. V-HT#2, and will be discussed in Section 4.6. 
 
Table 12. Test matrix for 60 40Ni Ti  SMA actuators corresponding to initial parametric study. 
 
 
 
Heat Treatment 
Environment 
Aging Time Specimen Thickness 
V-HT#1 -  
1 hr 450ºC 
5 mils  
(0.127 mm) 
10 mils  
(0.254 mm) 
15 mils 
 (0.381 mm) Vacuum  
Heat  
Treatment V-HT#2  
20 hrs 450ºC 
5 mils  
(0.127 mm) 
10 mils 
 (0.254 mm) 
15 mils 
 (0.381 mm) 
Air 
 Heat  
Treatment 
A-HT#2 -  
20 hrs 450ºC 
5 mils 
 (0.127 mm) 
10 mils 
 (0.254 mm) 
15 mils  
(0.381 mm) 
Applied Stress Level: 100 MPa – 150 MPa – 200 MPa – 250 MPa 
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4.5. Experimental results to parametric study 
 
 The main objective for this parametric study is the identification of influences of 
the selected parameters on the fatigue life of Ni-rich NiTi SMA actuators in terms of 
number of cycles to failure, applied stress and accumulated plastic strain, which can be 
extracted from the raw test data plotted in terms of the strain in martensite, strain in 
austenite and actuation strain versus the number of cycles, as shown for both HT#1 and 
HT#2 in Figure 54.  
 The various investigated parameters are analyzed using different criteria. The 
first set of results identifies the number of cycles to failure of Ni rich SMA actuators as a 
function of the applied stress and the second of the accumulated plastic strain at failure. 
Such results provide a macroscopic understanding of the fatigue behavior. 
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Figure 54. Representative Fatigue Data:  (a) presents results for a 10 mils thick HT#1 specimen 
under 250 MPa; (b) presents results for a 5 mils thick HT#2 specimen under 250 MPa. 
  
   
(a) 
(b) 
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 In Figure 55 we compare recoverable strain levels achieved under the various 
applied constant stress levels. A first series of results was generated under quasi-static 
loading conditions using a MTS test frame on as received fatigue test specimens 
(untrained); the second series of results corresponds to values of recoverable strain 
recorded during the last cycle before failure occurred and are referred to as saturated 
values. Calibration on MTS test frame (1st cycle - thick trend lines) compared to values 
recorded at saturation (thin trend lines). Similar trend observed between initial and 
saturated recoverable strain in both heat treatments. Error bars are added to each 
saturated data point in Figure 55. They represent variations recorded among multiple 
samples tested at the same stress level while no bars are reported for the 1st cycle results 
because of one measurement done at each level. 
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Figure 55. Actuation (recoverable) Strain vs. Applied Stress Level. 
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4.5.1. Influence of heat treatment time on transformation induced fatigue  
 
One particular property of the nickel-rich 60 40Ni Ti  SMA is that it can exhibit SME 
without any cold work process. The presence of precipitates favors the storing of elastic 
energy and therefore the realization of recoverable strains upon martensitic phase 
transformation. The proportions, the distribution and the composition of the precipitates 
can be modified and adjusted by applying appropriate heat treatments. The heat 
treatments consist of a homogenization treatment of one hour at 850°C with furnace 
controlled cooling to allow formation of precipitates followed by an annealing treatment 
of either 1 or 20 hours at 450°C.  
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Figure 56. Applied stress level vs. number of cycles to failure for 60 40Ni Ti ; comparison between 
V-HT#1 and V-HT#2. 
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In this first series of tests, the purpose was to determine if a different aging time 
had any major influence on the stress life response of the nickel-rich SMA actuators. 
Fatigue limits of ~ 70,000 cycles were identified for stress levels of ~ 100 MPa and were 
found to reduce to ~ 4,000 cycles under ~ 250 MPa applied stress.  However, the main 
result from these experiments is that V-HT#1 and V-HT#2 gave the same fatigue life in 
the stress life space. An additional important result is that no size effect was observed, 
for both V-HT#1 and V-HT#2. The purpose of the three different thicknesses was to 
identify any size effect due to the small specimen size and for heat treatment performed 
in high vacuum, it is shown that no effect is observed. 
The results shown in Figure 56 did not demonstrate any differences between V-
HT#1 and V-HT#2, however, the values of accumulated plastic strain in terms of applied 
stress level clearly shows dependence of V-HT#1 on the applied stress level while V-
HT#2 does not (Figure 57). V-HT#1 displays plastic strain accumulation values ranging 
between 1 % and 3.5 % for applied stress levels from 100 MPa to 250 MPa, indicative of 
an applied stress driven failure. However, the results from V-HT#2 are very different. 
For the same testing conditions, V-HT#2 does not show any dependence of the 
accumulated plastic strain on the level of applied stress (Figure 57 and Figure 58).  
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Figure 57. Accumulated plastic strain vs. applied stress level for 60 40Ni Ti : comparison between 
V-HT#1 and V-HT#2. 
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Figure 58. Accumulated plastic strain vs. number of cycles to failure for 60 40Ni Ti : comparison 
between V-HT#1 and V-HT#2. 
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A detailed description of the test specimens, the testing conditions and the testing 
order is given in Table 13 and Table 14. The stress levels are different from the 
prescribed levels due to recalculation of the recalibration of the applied stress levels due 
to varying cross sections in the specimens due to specimen cutting uncertainties. 
 
Table 13. Testing sequence and loading conditions for 60 40Ni Ti  vacuum heat treated. 
Run order Specimen # Heat treatment Thickness (mils) Applied stress (MPa) 
1 SP# 6  HT#2 10 226 
2 SP# 4  HT#2 5 107 
3 SP# 3  HT#1 5 204 
4 SP# 7  HT#1 15 243 
5 SP# 5  HT#2 5 103 
6 SP# 5  HT#1 10 90 
7 SP# 3  HT#2 15 142 
8 SP# 7  HT#2 5 250 
9 SP# 2  HT#1 10 250 
10 SP# 4  HT#1 15 203 
11 SP# 8  HT#1 10 100 
12 SP# 9  HT#1 15 100 
13 SP# 10  HT#1 5 100 
14 SP# 9  HT#2 10 100 
15 SP# 10  HT#2 10 250 
Heat Treatments  HT#1 1 hr @ 850°C, 1 hr @ 450°C 
  HT#2 1 hr @ 850°C, 20 hrs @ 450°C 
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Table 14. Specimens with non-standard test results. 
SP# 1 HT#1 Damaged during preliminary testing 
SP# 1 HT#2 Damaged during preliminary testing 
Not applicable for constant stress uniaxial fatigue testing 
SP# 2 HT#2 
Irregular cross section with major notches 
SP# 6 HT#1 MTS tested 
SP# 8 HT#2 MTS tested 
SP# 5 HT#1 No failure (run out at ~60K cycles) 
SP# 5 HT#2 No failure (run out at ~60K cycles) 
SP# 4 HT#1 Data Loss (Computer malfunction) 
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An overview of the results obtained for water jet processed specimens for heat 
treatment HT#1 and HT#2 is shown in Table 15 and Table 16, respectively. Again, the 
stress levels are different from the prescribed levels due to recalculation of the 
recalibration of the applied stress levels due to varying cross sections in the specimens 
due to specimen cutting uncertainties. 
 
Table 15.  Recoverable strain and accumulated plastic strain at half of the specimen life then at 
the specimen failure for HT#1, arranged according to specimen thickness. 
HT#1 - 1 hr @ 850°C, 1 hr @ 450°C 
Specimen 
number 
Thickness 
(mils) 
Applied 
stress 
(MPa) 
Cycles to 
failure Nf 
Recoverable 
strain 
@ 1/2 Nf 
Plastic 
strain 
@ 1/2 Nf 
Recoverable 
strain 
@ Nf 
Plastic 
strain 
@ Nf 
3 5 204 6896 0.01073 0.00257 0.01063 0.00685 
10 5 100 67571 0.00464 0.00861 0.0046 0.01457 
2 10 250 3838 0.01209 0.02585 0.01329 0.03511 
5 10 90 
57598 
(run out) 
0.00583 0.01337 0.0048 0.0323 
7 15 243 5251 0.0106 0.026 0.0104 0.03667 
9 15 100 55811 0.00383 0.00726 0.00427 0.01074 
1 Damaged during preliminary testing 
4 Data Loss  (computer malfunction) 
6 MTS tested 
8 Data Loss  (computer malfunction) 
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Table 16. Recoverable Strain and Accumulated Plastic Strain at half of the specimen life then at 
the specimen failure for HT#2, arranged according to specimen thickness. 
HT#2 1 hr @ 850°C, 20 hrs @ 450°C 
Specimen 
number 
Thickness 
(mils) 
Applied 
stress 
(MPa) 
Cycles to 
failure Nf 
Recoverable 
strain 
@ 1/2 Nf 
Plastic 
strain 
@ 1/2 Nf 
Recoverable 
strain 
@ Nf 
Plastic 
strain 
@ Nf 
4 5 107 18338 0.0067 0.01406 0.00734 0.01926 
5 5 103 
58341 
(run out) 
0.00495 0.01676 0.00425 0.01901 
7 5 250 3035 0.01123 0.00956 0.01063 0.01669 
6 10 226 8897 0.00955 0.01154 0.00895 0.02059 
9 10 100 41463 0.00384 0.01581 0.00424 0.02473 
10 10 250 creep like behavior - slip in grips 
3 15 142 creep like behavior - slip in grips 
1 Damaged during preliminary testing 
2 
Not applicable for constant stress uniaxial fatigue testing - irregular cross section with 
major notches 
8 MTS tested 
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4.5.2. Influence of heat treatment atmosphere on transformation induced fatigue  
 
For the next step of this parametric study, vacuum heat treatment 2 (V-HT#2) is 
compared to air heat treatment 2 (A-HT#2) for 60 40Ni Ti . Again all specimen sizes are 
studied in terms of applied stress versus the number of cycles to failure as well as the 
accumulated plastic strain versus applied stress and versus the number of cycles to 
failure. 
The result is the observation of a major influence on the fatigue life of thin 
specimens while larger specimens don’t seem to be so affected. Also, the existence of a 
consequential oxide layer formed upon heat treatments performed in air is observed and 
will be discussed later. 
For the first series of specimens heat-treated in high vacuum, the S-N curves didn’t 
show much difference between in the influence of the different thicknesses on the two 
different heat treatments. However, the presence of an oxide layer caused the thin 
specimens (0.005 in., 0.127 mm) to fail prematurely while the thick ones sustained 
similar number of cycles to failure as the ones heat-treated in high vacuum, as seen in 
Figure 59. Due to the presence of a significant oxide layer, stress correction is necessary 
to evaluate the actual stress level under which the specimens failed. The results from 
Figure 59 take this correction into account; for an oxide layer measured to be 0.001 inch 
(0.0127 mm) thick. Noticeable fatigue life reduction with thin oxidized specimens 
failing no more than after 2,000 cycles for applied  stresses as low as 100 MPa while 
thick specimens failed around 15,000 cycles, under an applied stress equal to 150 MPa. 
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Figure 59. Applied stress level vs. number of cycles to failure for 60 40Ni Ti : comparison between 
A-HT#2 and V-HT#2.  
 
Figure 60 and Figure 61 compare the previous results for V-HT#2 to the ones 
obtained for A-HT#2. The results from Figure 60 compare the amount of accumulated 
plastic strain in terms of the applied stress for A-HT#2 and for V-HT#2 while Figure 61 
shows a similar trend of the accumulated plastic strain attained at failure under both heat 
treatment environments. The only difference was found to be a larger amount of plastic 
strain for the tests performed on air heat treated specimens. 
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Figure 60. Accumulated plastic strain vs. applied stress level for 60 40Ni Ti  thick specimens: 
comparison between A-HT#2 and V-HT#2. 
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Figure 61. Accumulated plastic strain vs. number of cycles to failure for 60 40Ni Ti  thick 
specimens: comparison between A-HT#2 and V-HT#2. 
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Two consecutive series of specimens were processed in two different manners. 
The first series was water-jet cut to the required dogbone dimensions and heat treated in 
high vacuum atmosphere while the second series was EDM cut and heat treated in air 
(Table 9). The result is the observation of a major influence on the fatigue life of thin 
specimens while larger specimens don’t seem to be so affected. Also, the existence of a 
consequential oxide layer is observed on the fracture surfaces of the failed specimens 
heat treated in air. A summary of the test specimens, the testing conditions and the 
testing order is given in Table 17. 
 
Table 17. Testing Sequence and Loading Conditions for 60-NiTi air heat treated. 
60-NiTi Air Heat Treated    
Run order Specimen # Heat treatment 
Thickness 
(mils) 
Applied stress 
(MPa) 
17 EDM SP# 1  HT#1 15 250 
18 EDM SP# 4  HT#2 15 250 
19* EDM SP# 2  HT#1 15 150 
20* EDM SP# 5  HT#2 15 150 
21 EDM SP# 6  HT#1 5 100 
22 EDM SP# 8  HT#2 5 100 
23 EDM SP# 7  HT#1 5 150 
24 EDM SP# 9  HT#2 5 150 
*NOTE:  Electrical issues caused a heating problem during the life of the specimens. 
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An overview of the results for EDM processed specimens for heat treatment 
HT#1 in air is given in Table 18 and for results for EDM processed specimens for heat 
treatment HT#2 in air in Table 19. 
 
Table 18.  Recoverable Strain and Accumulated Plastic Strain at half of the specimen life then at 
the specimen failure for HT#1, arranged according to increasing thickness. 
HT#1 - 1 hr @ 850°C, 1 hr @ 450°C 
Specimen 
number 
Thickness 
(mils) 
Applied 
stress 
(MPa) 
Cycles to 
failure 
Nf 
Recoverable 
strain 
@ 
 1/2 Nf 
Plastic 
strain 
@ 
 1/2 Nf 
Recoverable 
strain 
@ Nf 
Plastic 
strain 
@ Nf 
6 5 100 949 0.01106 0.0043 0.01066 0.00807 
7 5 150 1588 0.00855 0.00539 0.00853 0.00803 
1 15 250 3899 0.01037 0.04687 0.01042 0.0531 
2* 15 150 16104 0.00729 0.01948 0.00137 0.02953 
*Electrical issues impacted results. 
 
Table 19. Recoverable Strain and Accumulated Plastic Strain at half of the specimen life then at 
the specimen failure for HT#2, arranged according to increasing thickness. 
HT#2 - 1 hr @ 850°C, 20 hrs @ 450°C 
Specimen 
number 
Thickness 
(mils) 
Applied 
stress 
(MPa) 
Cycles to 
failure 
 Nf 
Recoverable 
strain 
@ 1/2 Nf 
Plastic strain 
@ 1/2 Nf 
Recoverable 
strain 
@ Nf 
Plastic 
strain 
@ Nf 
8 5 100 2039 0.00491 0.00279 0.00572 0.0037 
9 5 150 1917 0.00822 0.00918 0.00767 0.0148 
4* 15 250 6492 0.00531 0.03791 0.01186 0.03919 
5* 15 150 29399 0.0006 0.03225 0.00471 0.03225 
*Electrical issues impacted results. 
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4.6.   Influence of surface quality and cooling environment on transformation induced 
fatigue  
 
 In the previous chapter, fatigue data were obtained for various parameters and 
decision was made to select the material that was 15 mils thick and that received heat 
treatment HT#2 in vacuum. From this choice, the goal was to then improve the fatigue 
life of 60 40Ni Ti  SMA actuators with this particular set of parameters (HT time, HT 
atmosphere and specimen thickness).  
 
4.6.1. Additional parameters and updated fatigue test matrix 
 
 Due to different processing methods (EDM wire cutting, waterjet cutting, heat 
treatments, etc.), different surface properties were found to have an influence on the 
fatigue life. Recast layer form upon wire EDM cutting and an oxide layer formed upon 
heat treatment; therefore all surface layers were removed. Then an ultra-fine surface 
finish (0.3µm) is applied to eliminate the influence of external factors such as oxide 
layer/recast layer, microcracks and other surface defects. 
 The preliminary fatigue data obtained during the parametric study are 
consolidated with more specimens tested under similar conditions. The recast-layer and 
HAZ are left on purpose as the actual SMA beam actuator utilized in the VGC 
application is not polished and is very similar to that of the fatigue test specimens. 
However, in order to assess the influence of the recast-layer and HAZ on the fatigue 
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response and failure mechanism, a series of specimens are polished for comparison 
purpose and to isolate the influence of external factors such as the surface quality to limit 
the analysis to the material’s response only. This will be discussed in more details with 
the failure mechanisms description in the next chapter. The new set of parameters with 
the selected ones from the previous parametric study is given in Table 20. 
 
Table 20. Test matrix for 60 40Ni Ti  SMA actuators corresponding to emphasized parameters, i.e. 
cooling environment and surface finish [70]. 
Parameters under investigation 
Initial parameters 
selection Cooling 
environment 
Surface finish 
Applied 
stress level 
100 MPa 
150 MPa As-received 
200 MPa 
100 MPa 
150 MPa 
Glycol cooling 
fatigue frame 
Polished 
(recast-layer/HAZ 
removed) 
200 MPa 
100 MPa 
150 MPa 
Composition 
60 40Ni Ti  (wt.%) 
 
Aging treatment 
High vacuum  
20 hrs. @ 450°C 
 
Specimen thickness 
20 mils ( 508 µm) Gaseous Nitrogen fatigue 
frame 
Polished 
(recast-layer/HAZ 
removed) 
200 MPa 
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4.6.2. Removal of recast-layer and heat affected zone due to EDM wire cutting 
 
 The hard workability of Ni-rich NiTi SMAs makes them difficult to machine and 
therefore EDM wire cutting is an appropriate solution to cut SMA sample out of a hot 
rolled large sheet of 60 40Ni Ti  SMA. Waterjet cutting was also an option, however, the 
required tolerance and small specimen geometry made the latter solution unreliable. 
Therefore all specimens were EDM wire cut into the flat dogbones previously described 
in the chapter. 
 The EDM wire cutting process is highly efficient and provides excellent maintain 
of geometric specifications. It is a process that permits to cut specimens to very complex 
geometry that regular turning and milling wouldn’t compare to, but it presents a major 
inconvenient. The fact that cutting is achieved through local and very fast melting of the 
material results in the formation of a thin layer that can reach a depth of approximately 1 
mil (~ 25 µm) in the worst case [71]. This layer is called recast-layer and is by nature of 
the same composition of the precut SMA but such drastic melting and solidification 
results in a totally different microstructure and therefore, response. The extreme cooling 
rates due to very small melted volumes are in the order of 10
6
 °C/s. such high cooling 
conditions result in hardening and yield limit increase of the recast layer, making the 
surface of the material hard and brittle (hardness of recast-layer ~ 1000 HV while 
hardness of unaffected SMA is approximately around 300 HV. 
 Not only the recast-layer is detrimental, but also due to the temperature gradients 
resulting from the fast and high temperature melting, a heat affected zone (HAZ) is 
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induced. In this region of the SMA, the alloy was not melted but severely heat treated; 
this layer can measure up to 1.4 mils (~ 35 µm). The overall result from performing 
EDM wire cutting is the formation of a detrimental region that can reach a depth of 2.5 
mils (~ 60 µm). 
 In this work, a safety margin is taken and the removal of the recast-layer and of 
the HAZ is extended to a 4 mils (~ 100 µm) depth to insure fully unaffected Ni-rich 
dogbone specimens. A polishing procedure was defined in order to provide a near stress-
free mechanical polishing of the fatigue specimens. The polishing procedure can be 
found in details in the work of Justin R. Schick in his Master’s thesis [70].  
 The removal of the recast-layer/HAZ was performed using automated 
mechanical polishing at very low force to minimize the formation of residual stresses in 
the surface of the polished specimens. The polishing consists of grinding off the 
damaged layer and finishes with an ultra-fine polish, i.e. 0.1µm. Figure 62(a) show the 
surface quality of the as-received specimens, Figure 62(b) the intermediate removal of 
the recast-layer with deeper recast pits and the remaining HAZ, and Figure 62(c) the 
final result after full grinding and mirror polish. A detail of the corner radius and of the 
unpolished area showing oxide layer, recast-layer and HAZ is shown in Figure 63. 
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100µm
(a) 
100µm
(b) 
100µm
(c) 
Figure 62. Optical micrographs showing the removal of the recast-layer/HAZ down to a polish 
of 0.3µm roughness with detail of (a) recast-layer, (b) partially removed recast-layer and (c) final 
polish [70]. 
 
Oxidized/Recast Layer
Recast Layer
Bulk Ni60Ti40
Grip-end  Sides not 
polished
HAZ
 
Figure 63. Optical micrographs showing the corner radius of a polished specimen; the grip-ends 
are not polished on the sides and the nature and morphology of the side recast-layer is visible 
and found in agreement with previous observations [70]. 
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4.6.3. Influence of environment and surface quality on transformation induced fatigue  
 
 The results from the constant stress fatigue testing of the 60 40Ni Ti  specimens in 
corrosive and corrosion-free environments for as-received and polished surface quality 
are presented in Figure 64.  
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Figure 64. Constant stress fatigue results for 60 40Ni Ti  under as-received and polished 
conditions, tested with glycol coolant or with GN2 coolant. 
 
 The first important result is the consistent improvement of fatigue life from 
corrosive conditions on the as-received specimens, corrosive conditions on the polished 
specimens and finally to the corrosion-free testing on the polished specimens. The 
corrosive environment on as-received specimens gives fatigue limits ranging between 
2,000 and 4,000 cycles under 200 MPa up to fatigue limits between 7,000 and 10,000 
122 
 
cycles under 100 MPa. The corrosive environment on polished specimens gives fatigue 
limits ranging between 5,000 and 15,000 cycles under 200 MPa up to fatigue limits 
comprised between 22,000 and 160,000 cycles under 100 MPa, which shows a 
significant improvement of the fatigue limits, and especially under low applied stress 
levels. It appears that the surface quality plays an even more important role under lower 
stress levels, where damage accumulates at a slower rate and therefore and results in 
failure initiation at much larger number of cycles to failure. Another explanation 
underlies with the presence of Ni-rich precipitates that play a major role in the damage 
initiation and formation in Ni-rich NiTi SMA actuators. The microstructural aspects of 
the damage initiation and propagation will be discussed in detail in Chapter V. 
 The second important result refers to the use of polished fatigue specimens in a 
corrosion-free cooling environment. Due to Nitrogen storage and feeding management, 
the fatigue testing in this last series of tests was performed for 200 MPa and 150 MPa 
stress levels only [70]. While data for the 100 MPa stress level would have been highly 
valuable for comparison purposes, the improvement of the fatigue life from the corrosive 
to corrosion-free environment for the polished fatigue specimens tested under 200 MPa 
goes from between 5,000 and 15,000 cycles to between 15,000 and 25,000 cycles. This 
result indicates that the surface of the fatigue specimens drives damage and failure 
initiation.  
 A common result to all fatigue testing conditions is the observation of a 
dispersion of the data, which was observed for both TiNiCu SMA wire actuators fatigue 
results in Chapter II as well as for the 60 40Ni Ti  dogbone specimens in the previous 
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parametric study. The data dispersion is even more visible when comparing the 
accumulated plastic strain values reached at failure with respect to the number of cycles 
to failure, as shown in Figure 65. The important observation in this result is the absence 
of real possible criterion based on accumulated plastic strain. The data spread between  
0.7% and 5% plastic strain for fatigue limits ranging between about 2,000 cycles up to 
more than 100,000 cycles. In opposition to non-precipitated SMA compositions, such as 
the equiatomic 55 45Ni Ti  (wt.%) or TiNiCu SMAs from Chapter II, the presence of 
precipitates seems to impede the plastic strain to saturate consistently, resulting in a wide 
range of plastic strain values measured at failure. 
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Figure 65. Accumulated plastic strain versus number of cycles to failure for unpolished 
specimens tested in glycol and polished specimens tested in glycol and gaseous Nitrogen. 
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CHAPTER V 
CHARACTERIZATION AND FAILURE MECHANISMS OF THE 
TRANSFORMATION INDUCED FATIGUE OF Ni-RICH NiTi SMA ACTUATORS 
 
Chapter V focuses on the characterization and the understanding of the failure 
mechanisms dictating transformation induced fatigue in Ni-rich NiTi SMA actuators. In 
Chapter IV, experimental investigations were carried out to study the impact of several 
parameters and their influence on the fatigue response of 60 40Ni Ti  SMA actuators. the 
novel aspect of such Ni-rich NiTi SMA is that through precipitation [5, 45, 48], 
enhanced hardening and cyclic stability is achieved and therefore the evolution of the 
microstructure plays a significant role in the understanding of the material’s cyclic 
response [5, 9, 15, 45, 47, 48, 49]. In this Chapter, the investigations are based on the 
understanding of the nature, the role and influence of the Ni-rich precipitates on damage 
formation upon cyclic loading. Pre-fatigue characterization is performed to assess the 
microstructure of the material prior to cyclic loading and conclusions are drawn from 
results obtained after measurement of the evolution of the transformation temperatures, 
of the mechanical properties and of the present phases using differential scanning 
calorimetric measurement, nanoindentation and X-ray diffraction techniques. The 
identification of a precipitation driven fatigue failure mechanism due to significant NiTi 
matrix/Ni-rich precipitates interactions concludes the chapter upon observation and 
discussion of a series of fractography performed on failed fatigue test specimens. 
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5.1.   Precipitation characterization  
 
5.1.1. Precipitation sequence 
 
 In order to understand the damage and failure mechanisms in 60 40Ni Ti  SMA 
actuators, it is necessary to investigate what influence the heat treatments have on the 
microstructure of the material and on the formation of Ni-rich precipitates in the NiTi 
matrix.  
 
 
Ni55 at.%
 
 
Figure 66. Binary phase diagram for NiTi [9, 53]. 
 
 Figure 66 is the binary phase diagram for the NiTi system where 60 weight 
percents of Nickel corresponds to 55 atomic percent of Nickel. The location of the 55 
atomic percent dash line indicates that upon cooling from the melt, the alloy presents 
126 
 
two phases in equilibrium below a temperature approximately equal to 1000°C, namely 
NiTi and 3Ni Ti . As it was introduced earlier, the history of the alloy processing is not 
known until the 900°C hot rolling process, which indicates that deformation and 
texturing was induced at temperatures where NiTi and 3Ni Ti  are in equilibrium, 
resulting in formation of a biphasic material. The homogenization treatment performed 
then at 850°C during 1 hour followed by a furnace controlled cooling in 12 hours allows 
relaxation of any texturing, residual stresses as well as diffusion equilibrium of Nickel 
between the NiTi matrix and Ni-rich precipitates [5, 50, 72]. For the material had been 
water quenched, the microstructure would have been made of solely NiTi and 3Ni Ti  
precipitates, but the slow cooling resulted in the formation of intermediate phases such 
as 3 2Ni Ti  and 4 3Ni Ti  precipitates [47, 51]. It has been reported that three temperature 
ranges correspond to three different equilibriums, which are also time dependent. The 
equilibriums corresponding to the three temperature ranges are given in Table 21, with 
0α corresponding to the highest Nickel concentration in the NiTi matrix and 5α to the 
least Nickel concentration. These precipitation sequences allow identifying the different 
precipitates that may form upon the different heat treatments undergone by 60 40Ni Ti  
SMA actuators.  
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Table 21. Equilibrium evolution from the supersaturated NiTi matrix 0α to the growth of 
metastable Ni-rich precipitates, i.e. 4 3Ni Ti  and 3 2Ni Ti , and finally to the growth of stable Ni-
rich precipitates, i.e. 3Ni Ti  [47]. 
Precipitation sequence Temperature range 
0 1 3α α +Ni Ti→  780 10°C T 1010 10°C±  ≤ ≤ ±  
'
0 1 3 2α α +Ni Ti→   
' '
1 3 2 2 3 2 3α +Ni Ti α +Ni Ti Ni Ti → +   
' '
2 3 2 3 3 3α +Ni Ti Ni Ti α +Ni Ti+  →  
690 10°C T 780 10°C±  ≤ ≤ ±  
''
0 1 4 3α α +Ni Ti→  
'' ''
1 4 3 2 4 3 3 2α +Ni Ti α +Ni Ti Ni Ti → +   
'' ''
2 4 3 3 2 3 3 2α +Ni Ti Ni Ti α Ni Ti+  → +  
'' ''
3 3 2 4 3 2 3α Ni Ti α Ni Ti +Ni Ti+ → +  
'' ''
4 3 2 3 5 3α Ni Ti +Ni Ti α +Ni Ti+ →  
450 10°C T 690 10°C±  ≤ ≤ ±  
 
 
5.1.2. Precipitation, cycling and transformation temperatures 
 
 From the previous observations, the microstructure of the 60 40Ni Ti  SMA fatigue 
test specimens shows a consequential amount of precipitates. The precipitates seem 
therefore to have a multifunctional nature in these alloys such as generating local 
coherent/non-coherent stress fields responsible for elastic strain energy storage, as well 
as Nickel sinks allowing adjusting local composition and therefore transformation 
behavior (temperature, hardening and hysteresis). 
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 Equiatomic NiTi SMAs have dislocation based stabilization and damage 
mechanisms. Therefore, evolution of the microstructure is dominated by the 
accumulation of plastic deformations through formation of dislocation under repeated 
martensitic transformation subject to stress. Transformation induced fatigue results 
exhibit a very large discrepancy in number of cycles to failure; from a few 1,000 cycles 
to almost 100,000 cycles under similar applied stress level, as shown in Figure 67. 
Therefore, additional investigations are needed to understand the physical reasons of 
such dispersion and to be able to reduce such discrepancy range for future application 
purpose. Based on the fatigue test results shown in Table 16, Table 19 and Figure 64, a 
selection of test specimens was done accordingly to increasing number of cycles to 
failure. The DSC coupons were cut to approximately 10 mg and were heated/cooled at a 
rate of 5°C/min. Figure 67 shows a selection of fatigued specimens summarized in Table 
22 
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Figure 67. Stress – Cycles to failure for HT#2 and selected samples for DSC characterization. 
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Table 22. Identification of selected 60 40Ni Ti  fatigued specimens for DSC post failure 
characterization. 
 
Load Level (MPa) Number of Specimens 
100 • 2 – AHT#2, EDM, 0.015 in. 
• 1 – VHT#2, Waterjet, 0.05 in. 
• 1 – VHT#2, EDM, 0.02 in. 
125 • 1 – VHT#2, EDM, 0.015 in. 
• 1 – VHT#2, EDM, 0.02 in. 
150 • 1 – VHT#2, EDM, 0.015 in. 
• 1 – VHT#2, EDM, 0.02 in. 
175 • 2 – VHT#2, EDM, 0.015 in. 
200 • 1 – VHT#2, EDM, 0.015 in. 
• 1 – VHT#2, EDM, 0.02 in. 
250 • 2 – AHT#2, EDM, 0.015 in. 
• 1 – VHT#2, Waterjet, 0.01 in. (226 MPa) 
• 1 – VHT#2, Waterjet, 0.005 in. 
 
 The DSC results are shown for the 2nd heating/cooling cycle to assess any 
subsequent evolution of transformation temperatures due to internal stresses or retained 
martensite. The results are shown for the 2nd heating cycle and for the 2nd cooling cycle 
in Figure 68 and Figure 69, respectively. 
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Figure 68. Pre/Post fatigue testing DSC results for martensite to austenite transformation. 
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Figure 69. Pre/Post fatigue testing DSC results for austenite to martensite transformation. 
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 The first result that can be concluded is that the stabilization/training results in 
the flattening of the DSC curves, indicating that dislocations have developed and 
stabilized the SME in the material [5, 46, 47]. The precipitates, first reason for the 
martensitic transformation in the Ni-rich NiTi SMAs, are driving the phase 
transformation and therefore are driving the transformation temperatures. The 
dislocations are contributing to the stabilization of the transformation and therefore to 
the shift in transformation temperatures [45, 47]. Due to the presence and dominant 
nature of the precipitates, the transformation temperatures are not shifting as much as 
they would be expected if the actuators were made of equiatomic NiTi SMA. 
 
5.1.3. Characterization of the NiTi matrix and Ni-rich precipitates by X-ray diffraction 
 
 After investigating the chemical composition of the different phases observed in 
the 60 40Ni Ti  SMA, the nature of the phases (NiTi matrix and Ni-rich precipitates) 
requires confirmation. To do so, polished pre-fatigue test specimens are analyzed using 
X-ray diffraction techniques. The measurements are performed at room temperature as 
well as at high temperature, to investigate both martensite and austenite coexisting with 
Ni-rich precipitates. 
 Figure 70 is the result for the room temperature XRD scan. The two main results 
are the coexistence of martensite (also known as B19’ phase [53]) with the Ni-rich 
precipitates, as expected, but also the confirmation of the precipitates compositions, i.e. 
3Ni Ti  and 4 3Ni Ti . The binary phase diagram was predicting approximately 20% 3Ni Ti  
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precipitates, which is qualitatively observed in the peaks relative intensity. The 
martensite is self accommodated with low symmetry, therefore many variants, resulting 
in normalized lower peak intensity. Figure 71 shows the results for 100°C XRD scan. 
The result presents the austenite (also known as B2 parent phase [53]) coexisting with 
3Ni Ti  and 4 3Ni Ti  precipitates. In this result, the normalized peak intensity are larger for 
the NiTi matrix, this can be explained by the high symmetry of the austenite diffracting 
with much more intensity than the self-accommodated martensite. 
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Figure 70. Room temperature XRD result of fatigue 60 40Ni Ti  specimens; identification of 
martensite B19’, 3Ni Ti  and 4 3Ni Ti  precipitates. 
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Figure 71. 100°C XRD result of fatigue 60 40Ni Ti  specimens; identification of austenite B2, 
3Ni Ti  and 4 3Ni Ti  precipitates. 
 
5.1.4. Characterization of the NiTi matrix and Ni-rich precipitates by  nanoindentation 
 
 After the analysis of the precipitates, the mechanical properties and interactions 
of the NiTi matrix with the 3Ni Ti  precipitates became of interest, in the optic of 
understanding the influence of the presence of stable, non-phase changing precipitates, 
in a phase changing material. The 3Ni Ti  precipitates, as large as 5 µm, present a 
morphology that makes nanoindentation ideal to study the mechanical properties and 
interactions between NiTi matrix and 3Ni Ti  precipitates. To do so, two specimens are 
selected, one polished pre-fatigue testing and one post fatigue failure. The results are 
shown in Figure 72 and Figure 73. 
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Figure 72. Load-depth nanoindentation profiles for increasing load in the NiTi matrix pre fatigue 
testing. 
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Figure 73. Load-depth nanoindentation profiles for increasing load in the NiTi matrix post 
fatigue failure compared to 3Ni Ti  precipitate response. 
 
 A representative result of Figure 72 and Figure 73 is given in the next result. 
Figure 74 first shows how cyclic loading affects the load-depth response of the NiTi 
matrix but also how much stiffer the 3Ni Ti  precipitates are compared to the NiTi matrix. 
The stiffness was measured to be approximately equal to 85 GPa in the pre fatigue 
matrix and approximately equal to 75 GPa in the case of the post fatigue matrix, as 
shown in Figure 75. A possible explanation for the slight reduction in elastic modulus as 
well as hardness seems to be the transformation temperatures and the phase in which 
nanoindentation was performed. It was done under room temperature conditions, i.e. in a 
region where R-phase finished transforming and where martensite (B19’) started. The 
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results from Figure 68 and Figure 69 show how upon cooling the austenite (B2 parent 
phase) makes room temperature a region where the end of the R-phase and the beginning 
of the martensite (B19’) transformation are concomitant. It was found that cyclic loading 
does affect transformation temperatures in the sense that they remain very stable; the one 
influence that seems significant in this analysis of mechanical properties using 
nanoindentation is the broadening of the transformation peaks, which means wider 
transformation regions and therefore different mechanical response at room temperature. 
The same analysis can be done with the evolution of the nanohardness between the pre 
and post fatigued specimen, as shown in Figure 76.  
 The other important result deals with the presence of 3Ni Ti  precipitates.  The 
measurement of the 3Ni Ti  elastic modulus shows values twice as large as the one 
measured for the NiTi matrix, at low nanoindentation depths. However, deeper 
nanoindentation results in the reduction of the elastic modulus of the precipitates and 
leads to its convergence of towards NiTi matrix values, as seen in Figure 75. This 
indicates that the more the precipitate is indented, the more the response is a combined 
effect of the precipitate and of the NiTi matrix. Similar results and arguments can be 
made looking at the nanohardness of the precipitates at varying nanoindentation depths. 
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Figure 74. Nanoindentation profiles for polished specimen, before and after fatigue testing; with 
load-depth response for (a) 3Ni Ti  precipitates, (b) NiTi matrix before fatigue and (c) NiTi 
matrix post fatigue failure. 
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Figure 75. Elastic modulus for the pre fatigue and post fatigue specimens compared to the elastic 
modulus of the 3Ni Ti precipitates, measured for increasing nanoindentation depth.  
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Figure 76.  Nanohardness for the pre fatigue and post fatigue specimens compared to the elastic 
modulus of the 3Ni Ti  precipitates, measured for increasing nanoindentation depth. 
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5.2. Pre-fatigue testing microstructure 
 
5.2.1. Shape-set treatment 
 
 In this work, the starting heat treatment is a shape set treatment performed at 
850°C during one hour and furnace cooled for 12 hours. Therefore, from the NiTi binary 
phase diagram in Figure 66, the Nickel from the high Nickel content NiTi matrix 
diffuses and contributes to the formation of 3Ni Ti  precipitates. The use of electronic 
microscopy combined with EDS chemical element analysis allows the determination of 
the matrix and observed precipitate compositions.   
 Figure 77 is an SEM micrograph showing the polished surface of the post shape 
set treatment of a 60 40Ni Ti  SMA actuator. The first observation is the identification of 
white bulky phases which are measured to be 3Ni Ti  precipitates, as shown in detail in 
the EDS measurement results from Figure 78 and Figure 79. The Nickel content of 
3Ni Ti  precipitates resulting from measurements is ranging between 75 at.% and 79 at.% 
which is very close to what was expected from simple lever rule performed on the binary 
phase diagram [9, 53]. The other important result is the observation of needle-like 
precipitates as seen in Figure 77. The measurement of the chemical composition leads to 
the identification of 4 3Ni Ti and 3 2Ni Ti  precipitates from the results shown in Figure 78 
and Figure 79. 
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RD
 
Figure 77. SEM micrograph of polished 60 40Ni Ti  SMA after shape set showing the rolling 
direction; overview of the different phases present after furnace controlled cooling. 
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(a) 
Ni3Ti precipitates
Ni60Ti40 matrix
Ni4Ti3/ Ni3Ti2 Precipitates  
(b) 
37.54 
(42.42)
62.46 
(57.58)
10
38.10 
(43.00)
61.90 
(57.00)
9
35.37 
(40.15)
64.63 
(59.85)
8
17.75 
(20.92)
82.25 
(79.08)
6
17.62 
(20.77)
82.38 
(79.23)
7
37.17 
(42.03)
37.20 
(42.06)
38.58 
(43.50)
18.29 
(21.53)
18.25 
(21.48)
Ti wt.% 
(at.%)
62.83 
(57.97)
5
62.80 
(57.94)
4
61.42 
(56.50)
3
81.71 
(78.47)
2
81.75 
(78.52)
1
Ni wt.% 
(at.%)
Position
 
(c) 
Figure 78. First site of observation and measurement: SEM EDS analysis of the surface of 
60 40Ni Ti  SMA actuators after shape set treatment; (a) area of interest showing the different 
phases: NiTi matrix, 3Ni Ti  bulky white precipitates and 4 3Ni Ti / 3 2Ni Ti needle-like 
precipitates; (b) indexing legend for the EDS analysis and (c) chemical analysis of the observed 
phases. 
 
 
142 
 
1
2
3
6 7
4
5
 
(a) 
Ni3Ti precipitates
Ni60Ti40 matrix
Ni4Ti3/ Ni3Ti2 Precipitates  
(b) 
37.91 
(42.81)
62.09 
(57.19)
6
37.30 
(42.17)
38.92 
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(42.82)
38.94 
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Ti wt.% 
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(57.83)
7
61.08 
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5
62.07 
(57.18)
4
61.06 
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3
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2
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1
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(c) 
Figure 79. Second site of observation and measurement: SEM EDS analysis of the surface of 
60 40Ni Ti  SMA actuators after shape set treatment; (a) area of interest showing the different 
phases: NiTi matrix, 3Ni Ti bulky white precipitates and 4 3Ni Ti / 3 2Ni Ti  needle-like 
precipitates; (b) indexing legend for the EDS analysis and (c) chemical analysis of the observed 
phases. 
 
5.2.2. Short aging treatment: HT#1  
 
 Subsequent to the shape set treatment is aging treatment followed by water 
quenching cooling to stabilize formed metastable precipitates. The aging treatment in 
this case is one hour at 450°C. It was found that the furnace cooling performed on the 
homogenized 60 40Ni Ti resulted in the formation of not only 3Ni Ti  stable precipitates but 
also in the existence of 4 3Ni Ti and 3 2Ni Ti  metastable precipitates. The chemical process 
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involved is redistribution of the Nickel from the 3Ni Ti  precipitates into the matrix to 
form the metastable species mentioned above and in Table 21. According to previous 
studies [45, 46, 47] and Table 21, short aging at 450°C would only result in the 
formation of 4 3Ni Ti , however, in our study, the starting point for aging at 450°C is a 
post shape set treatment that already exhibits the three different phases previously 
discussed. Therefore, one can see the aging treatment post shape set as a tuning of the 
chemical balance between all precipitates and the matrix. Recent work from Eggeler 
discusses the influence of Nickel concentration gradients between precipitates resulting 
in different material response but not much change in the microstructure, as the 
precipitates are the same, just the local composition of the matrix differing between 
different aging times [50, 72]. The aging treatment discussed here is the one hour 
treatment at 450°C followed by water quenching. 
 An overview of the resulting microstructure is given in Figure 80. It appears that 
the 3Ni Ti  stable bulky precipitates are still present but the 4 3Ni Ti  and 3 2Ni Ti  
precipitates seem to be much less visible. Chemical analysis of the different phases 
confirms the existence of the 3Ni Ti  bulky precipitates, a NiTi matrix with less Nickel 
than measured after the shape set treatment, indicative of further depletion of Nickel 
from the matrix towards the precipitates. However, it was expected to identify the 
presence of 4 3Ni Ti  and 3 2Ni Ti  precipitates and none could be clearly found. The 
composition analysis of the NiTi matrix from Figure 81 and Figure 82 indicate a slight 
variation in Nickel content from approximately 62 wt.% down to regions with 54 wt.%, 
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and therefore it is thought that even if the precipitates are not visible, they are part of a 
very fine microstructure and simply could not be isolated from the matrix. What is even 
more interesting is the presence of low Nickel content regions. Those regions correspond 
mostly to the interfaces between NiTi matrix and 3Ni Ti  precipitates. This indicates that 
during aging, the induced concentration gradient did not find equilibrium at the time 
water quench was performed. Those areas are mostly where clustering of 3Ni Ti  
precipitates or where larger 3Ni Ti  precipitates were identified, as seen in Figure 81 and 
Figure 82. 
 
.  
Figure 80. SEM micrograph of polished 60 40Ni Ti  SMA after shape set followed by short aging 
treatment of one hour at 450°C water quenched; overview of the different phases. 
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(a) 
Ni3Ti precipitates
Ni60Ti40 matrix
Ni-low regions
 
(b) 
Index Ni wt.% 
(at.%)
Ti wt.% 
(at.%)
1 81.07 
(77.75)
18.93 
(22.25)
2 79.84 
(76.37)
20.16 
(23.63)
3 45.03 
(40.06)
54.97 
(59.94)
4 46.39 
(41.38)
53.61 
(58.62)
5 47.36 
(42.33)
52.64 
(57.67)
6 60.51 
(55.56)
39.49 
(44.44)
7 62.00 
(57.10)
38.00 
(42.90)
 
(c) 
Figure 81. First site of observation and measurement: SEM EDS analysis of the surface of 
60 40Ni Ti  SMA actuators after short aging treatment; (a) area of interest showing the different 
phases: NiTi matrix, 3Ni Ti  bulky white precipitates and globular areas with low nickel content; 
(b) indexing legend for the EDS analysis and (c) chemical analysis of the observed phases. 
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(a) 
Ni3Ti precipitates
Ni60Ti40 matrix
Ni-low regions
 
(b) 
 
Index Ni wt.% 
(at.%)
Ti wt.% 
(at.%)
1 54.19 
(49.11)
45.81 
(50.89)
2 46.98 
(41.96)
53.02 
(58.04)
3 76.61 
(72.77)
23.39 
(27.33)
 
(c) 
Figure 82. Second site of observation and measurement: SEM EDS analysis of the surface of 
60 40Ni Ti  SMA actuators after short aging treatment; (a) area of interest showing the different 
phases: NiTi matrix, 3Ni Ti bulky white precipitates and Ni-low region; (b) indexing legend for 
the EDS analysis and (c) chemical analysis of the observed phases. 
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5.2.3. Long aging treatment: HT#2 
 
 In the case of the longer aging treatment following the shape set treatment, the 
typical microstructure and present phases are shown in Figure 83. 
 
 
Figure 83. SEM micrograph of polished 60 40Ni Ti  SMA after shape set followed by long aging 
treatment of 20 hours at 450°C then water quenched; overview of the different phases. 
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(c) 
Figure 84. Site of observation and measurement: SEM EDS analysis of the surface of 60 40Ni Ti  
SMA actuators after long aging treatment; (a) area of interest showing the different phases: NiTi 
matrix, 3Ni Ti  bulky white precipitates and 4 3Ni Ti / 3 2Ni Ti  needle-like precipitates; (b) 
indexing legend for the EDS analysis and (c) chemical analysis of the observed phases. 
 
5.3. Fractography of 60 40Ni Ti SMA actuators 
 
 The analysis of the fracture surfaces and surface of the fatigue test specimens 
focuses on two specific areas of the failed specimens. Figure 85 presents two failed  
60 40Ni Ti  fatigue specimens with a schematic magnification of the areas of interest. The 
first area of interest is the actual fracture surface with a second area of interest, i.e. the 
149 
 
surface of the SMA fatigue specimen. The next section will focus on the failure 
mechanisms identifiable from the analysis of the damaged microstructure and from the 
crack initiation and propagation patterns. 
 
 
Figure 85. Picture of two different Ni-rich NiTi fatigue specimens showing random localization 
of the fatigue failure occurring within the designed test gauge; and a schematic showing the 
corresponding area of interest in terms of fractography. 
 
5.3.1. Influence of material/process parameters on fatigue crack initiation and 
propagation 
 
5.3.1.1. Influence of heat treatment time 
 
 As introduced earlier, the different heat treatment times results in Nickel 
concentration gradients between the Ni-rich precipitates and the NiTi matrix. A different 
composition means a different behavior in terms of transition temperatures, hardening 
and heat of transformation. Heat treatment HT#1 corresponds to the heat treatment that 
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presents smooth transitions in terms of constant stress hysteresis, as shown in Figure 49, 
as well as in phase transformation temperatures, as shown in Figure 45.  
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 86. SEM fractographies for fatigue specimens tested after HT#1 under 100 MPa: full 
fractography of (a) 5 mils thick specimen and (b) 15 mils thick specimen; (c) high magnification 
area of 5 mils thick specimen and (d) 15 mils thick specimen. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 87. SEM fractographies for fatigue specimens after HT#1 under 250 MPa: (a) 5 mils thick 
and (d) 15 mils thick full fractography; (b)-(c) high magnification of  5 mils thick specimen and 
(e)-(f) high magnification of 15 mils thick specimen. 
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 The thin specimen shows initiation at one edge with propagation across the width 
until the cracks became unstable and the specimen failed. The cracks that formed during 
propagation and before final failure seem to all be oriented transversely to the thickness 
as shown in Figure 86(a), Figure 86(c), Figure 87(a), Figure 87(b) and Figure 87(c). In 
opposition, the thick specimens present a bulk response that does not exhibit anymore 
the observed fracture behavior seen in the thin specimens. 
 In the case of HT#2, the fractographies show different features. It appears that 
fatigue striations and fatigue lines, corresponding to crack tip propagation upon cyclic 
loading are much more contrasted, as shown in Figure 88 and Figure 89. As the 
transition temperature were raised from HT#1 to HT#2, longer aging times seems to 
impact the actuators response in terms of ductility (discussed in Chapter IV) but also in 
terms of crack evolution. HT#2 makes the SMA more ductile, therefore more sensitive 
to accumulation of plastic deformation, but also more resistant to crack instability as 
plasticity acts as crack blunting mechanism. Another aspect of crack propagation is the 
high precipitation density that can be observed at higher magnification. The clear 
appearance of precipitates of the order of 2 µm to 5 µm along the fatigue lines that can 
be seen in Figure 89(f), while the influence of thickness is still visible, just as seen in 
fractographies from HT#1 specimens. 
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(b) 
 
(c) 
 
(d) 
Figure 88. SEM fractographies for fatigue specimens tested after HT#2 under 100 MPa: full 
fractography of (a) 5 mils thick specimen and (b) 10 mils thick specimen; (c) high magnification 
area of 5 mils thick specimen and (d) 10 mils thick specimen. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 89. SEM fractographies for fatigue specimens after HT#2 under 250 MPa: (a) 5 mils thick 
and (d) 10 mils thick full fractography; (b)-(c) high magnification of  5 mils thick specimen and 
(e)-(f) high magnification of 10 mils thick specimen. 
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5.3.1.2. Influence of heat treatment atmosphere 
 
Two series of fatigue specimens were prepared in two different ways, as 
described in Chapter IV. While the first series of fatigue specimens were heat treated in 
high vacuum atmosphere, the second series of specimens were heat treated in air. The 
macroscopic analysis from Chapter IV showed how air heat treatment was affecting the 
fatigue life of thin specimens. The second series of specimens failed below 
approximately 2,000 cycles under 100MPa and 150MPa applied stress as a result of 
being heat treated in air, as shown in Figure 90, while vacuum heat treatments performed 
on the first series of specimens resulted in number of cycles approximating 50,000 
cycles (Figure 91). 
 
 
 Fracture surface, thickness = 5 mils 
 HT in air, 100 -150 MPa 
Nf < 2000 cycles 
0.005 in 
 
Figure 90. Identification of very low number of cycles to failure for air heat treated specimens. 
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HT in vacuum, 100 – 150 MPa 
 Nf ≈ 50000 cycles 
0.005 in 
 Fracture surface, thickness = 5 mils 
 
Figure 91. Identification of very low number of cycles to failure for high vacuum heat treated 
specimens. 
  
 Transverse fatigue lines across the thickness of the thin specimens can be 
observed in both types of heat treatment. However, a significant oxide layer can be 
identified surrounding the entire specimens hest treated in air. The interface is well 
defined and cracks initiating from the oxide layer and from the interface oxide/SMA 
indicate  can be identified and concluded to lead to further crack formation and 
propagation in the entire SMA actuators, as shown for both thick and thin specimens in 
Figure 92 and Figure 93, respectively. The oxide layer that was created has the same 
thickness of approximately 25µm, which represent 2/5 of the entire specimen thickness 
for the thin specimens and 2/15 of the entire specimen thickness for the thick specimens.  
Figure 94 is an SEM-EDS analysis of the oxide layer formed upon air heat treatment and 
presents the identification of the different phase compositions after short aging (HT#1). 
The oxide layer is mostly composed of Titanium and Oxygen, depleting the core of the 
SMA actuator from Ti and making it even more Nickel rich.   
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EDM SP1 HT1 – thickness = 15 mils 
0.015 in 
0.001 in 
0.005 in 
Microcrack at 
SMA/oxide interface 
 
Figure 92. Optical fractography for fatigue test specimen EDM SP1 HT#1. 
 
 
EDM SP8 HT2 – thickness = 5 mils 
0.005 in 
0.005 in 
0.001 in 
0.001 in 
 
Figure 93. Optical fractography for fatigue test specimen EDM SP8 HT#2. 
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Ni3Ti precipitates
Ni60Ti40 matrix
Recast layer from EDM cutting
Ti oxide layer (Ni-low due to air HT) 
 
 (b) 
Position Ni wt.% 
(at.%)
Ti wt.% 
(at.%)
O wt.% 
(at.%)
1 / 57.64 
(31.24)
42.36 
(68.76)
2 0.80 
(0.37)
59.91 
(33.63)
39.28 
(66.01)
3 77.31 
(73.55)
22.69 
(26.45)
/
4 95.66 
(94.73)
4.34 
(5.27)
/
5 77.27 
(73.50)
22.73 
(26.50)
/
6 54.69 
(49.62)
45.31 
(50.38)
/
7 56.36 
(51.31)
43.64 
(48.69)
/
8 54.97 
(49.90)
45.03 
(50.10)
/
9 76.34 
(72.48)
23.66 
(27.52)
/
10 77.05 
(73.26)
22.95 
(26.74)
/
11 76.82 
(73.00)
23.18 
(27.00)
/
12 55.35 
(50.28)
44.65 
(49.72)
/
13 55.07 
(50.00)
44.93 
(50.00)
/
 
(c) 
Figure 94. Site of observation and measurement: SEM EDS analysis of the surface of 60 40Ni Ti  
SMA actuators after short aging treatment in this example; (a) area of interest showing the dark 
oxide layer (EDS spots number 1 and 2), the recast-layer (3and 5): NiTi matrix (6 – 8, 12 and 
13), 3Ni Ti  bulky white precipitates (9 – 11); (b) indexing legend for the EDS analysis and (c) 
chemical analysis of the observed phases. 
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5.3.2.  Influence of test parameters on fatigue crack initiation and propagation 
 
5.3.2.1. Influence of specimen thickness 
 
 The influence of the specimen thickness can be seen as cracks are generated 
across the thickness of SP3 HT#1 where as SP7 HT#1 displays more of a bulk behavior 
with different failure behavior from thickness 5 mils to 15 mils, as shown in Figure 95 
and Figure 96. It was discussed in the previous section how thin specimens develop 
transverse cracks while thick specimens were showing more of a bulk material response 
(Figure 86 through Figure 89), as well as the influence of the thickness of the specimens 
when heat treatments were performed in air versus in high vacuum (Figure 90 through 
Figure 93).  
 From those collective observations and analysis of damage formation and 
propagation, it can be concluded that below 10 mils thick, specimens were starting to 
exhibit a strong thickness to width ratio dependency and therefore were removed from 
further fatigue testing due to their sensitivity to external influence as well as not being 
representative enough of the actual SMA beam actuators fatigue response. 
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SP3 HT1 – thickness = 5 mils 
0.005 in 
0.005 in 
0.005 in 
 
Figure 95. Optical fractography for fatigue test specimen SP3 HT#1. 
 
 0.005 in 
 
SP7 HT1 – thickness = 15 mils 
0.005 in 
0.005 in 
 
Figure 96. Optical fractography for fatigue test specimen SP7 HT#1. 
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5.3.2.2. Influence of recast-layer/HAZ removal 
 
 In addition to improving the fatigue results (see fatigue testing results of polished 
vs. as-received specimens in previous sections), the microstructure and especially the 
morphology of the crack formation at the surface of the fatigued specimens is improved. 
Figure 97 shows a specimen in which the recast-layer caused major transverse surface 
cracks that ultimately led to early failure of the component. 
 After removal of the recast-layer/HAZ, the failure of the actuator can be 
identified to initiate at the surface, as it can be expected, but the failure can be attributed 
to the biphasic nature of the SMA where clusters of 4 3Ni Ti  precipitates seem to weaken 
the matrix and induce debonding and crack formation, as shown in Figure 98 and Figure 
99. 
 
 
50µm 
 
Figure 97. Optical micrographs showing the surface of an SMA actuator with recast-layer. 
Cracks formed upon cyclic loading in the recast-layer that caused early failure. 
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100µm
 
(a) 
25µm
 
(b) 
Figure 98. (a) Optical surface analysis of a failed polished specimen; (b) traces of clustered 
precipitates are visible and present higher crack density than in the NiTi matrix with fewer 
precipitates. 
 
(a) (b)
(a) (b)
 
Figure 99. SEM surface analysis of the specimen presented in Figure 98. The transverse cracks 
formed upon cyclic loading are present near or in contact with the precipitates (a); (b) shows a 
magnification on larger propagated cracks and longitudinal crack formation on a line of clustered 
precipitates. 
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 From these results and observations, it appears that the failure of the Ni-rich NiTi 
SMA actuators aged 20hrs. at 450°C is driven by crack formation/interaction 
precipitates/NiTi matrix. 
 It has been understood that the formation of a recast-layer upon EDM wire 
cutting was detrimental to the fatigue life of SMA actuators due to partial loss of SM, 
brittleness, and to an area of the material that was affected by the heat, i.e. heat affected 
zone (HAZ). Fracture surface of failed specimens with and without recast-layer/heat 
affected zone show different features. Figure 100 and Figure 101 show fractographies 
for an as-received specimen and a specimen with removed top and bottom recast-
layer/heat affected zone, respectively, both failed after fatigue testing under 200MPa. 
The sides, however, were voluntarily left intact to observe the influence of different 
surface properties on one specimen. 
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(a)
(b)
(c)
100 µm
Recast-layer 
Heat affected 
zone 
 
(b)(a) (c)
50µm10µm10µm
 
Figure 100. SEM fractography of as received fatigued specimen, tested under 200MPa; (a) detail 
of the heat affected zone, (b) interface HAZ/ unaffected SMA and (c) detail on the brittle aspect 
of the recast layer and the interface recast-layer/HAZ. 
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(a)
 
(a)
 
Figure 101. SEM fractography of a polished fatigued specimen, tested under 200MPa showing 
initiation site and two fatigue propagation areas; (a) detail of the initiation site with sub-surface 
defect found to be a 3Ni Ti  precipitate. 
 
5.3.2.3. Influence of cooling environment 
 
 The influence of the environment on the fatigue life of the 60 40Ni Ti  SMA 
actuators was assessed for polished specimens only. The damage caused by the presence 
of the recast layer was too important to compare corrosive and non-corrosive conditions 
on the as-received specimens. Therefore, the effect of corrosion induced by the 
combined effects of resistive joule heating and a fluid convective cooling versus 
corrosion-free conditions obtained in a dry non-conducting medium (i.e. gaseous 
Nitrogen) is assessed by monitoring the damage formed at the surface of the fatigued 
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specimens. The interpretation of damage comprises surface roughness, crack formation 
and distribution. 
 Figure 102 and Figure 103 are representative assessment of surface damage 
indentified for corrosion-free and corrosive conditions, respectively. The comparison of 
damage accumulated during cyclic loading in corrosive and non-corrosive conditions is 
performed at the fatigue failure location and away from it. The purpose is to verify any 
possible localization process during cyclic loading. The first result that we can discuss 
can be seen in Figure 102(a), Figure 102(b) and in Figure 103(a) and Figure 103(b). The 
surface micrographs correspond to surface observation of the fatigued specimens at or 
near the fracture surface (fracture surface edge visible in the top part of the 
micrographs), with schematic representation of the position where fracture occurred and 
what observation site is being investigated, as shown in Figure 102(e) and Figure 103(e). 
The observations from the micrographs near the fracture surface show formation of 
cracks at the interface NiTi matrix/ 3Ni Ti  precipitates and for some within the 3Ni Ti  
precipitates, for both corrosive and non-corrosive testing conditions. However, when 
comparing the influence of corrosion on the crack formation away from the fracture 
surface, corrosion-free conditions show no crack initiation, just an evolution of the 
surface roughness, indicative of deformation processes that led to evolution of the 
surface quality, as shown in Figure 102(c) and Figure 102(d). However, the surface 
analysis of the specimens tested in a corrosive environment show formation of cracks 
over the entire surface of the SMA actuators, as seen in Figure 103(c) and Figure 103(d).   
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 The first conclusion from these observations is that damage will accumulate, no 
matter what environment the specimens are testing in, however, as previously shown, a 
corrosive environment will contaminate and damage the entire surface of the actuators, 
which combined to corrosion-free accumulation of damage and localization of fracture, 
results in an accelerated fatigue failure. This result is confirmed by the fatigue life results 
shown in Chapter IV in Figure 64. 
 The formation of cracks and damage due to corrosive cooling conditions can be 
seen in Figure 103. However, it is when comparing corrosive fatigue failure under high 
stress level resulting in a relatively low number of cycles to failure, i.e. failure at fN ~ 
10,000 cycles in Figure 104(a) and Figure 104(b), to fatigue failure under low stress 
resulting in a high number of cycles to failure, i.e. failure at fN ~ 150,000 cycles shown 
in Figure 104(c) and Figure 104(d), that the specimen exhibit a well distributed, high 
density network of cracks. The identified network of cracks was not found to be related 
to any NiTi matrix and 3Ni Ti  precipitate interactions. This type of damage seems to be 
related to a secondary type of damage, such as the interactions 4 3Ni Ti  precipitates with 
the NiTi matrix. This secondary damage formation will be discussed in the next 
subsection. Some of those results will be the subject of future projects that will be 
initiated after the completion of this dissertation work. 
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(a) 
 
(c) 
 
(b) 
 
 
 
 
(e) 
 
(d) 
 
Figure 102. Surface aspect of a 60 40Ni Ti  SMA actuator tested in corrosion-free cooling 
environment under 200 MPa stress level; (a) and (b) are observations near the fracture surface at 
different magnification showing surface cracks and damage, (c) and (d) are observations away 
from the fracture surface at different magnification showing surface cracks and damage; (e) is a 
schematic representing the location of the fracture surface and of the observation sites. 
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(a) 
 
(c) 
 
(b) 
 
 
 
 
(e) 
 
(d) 
 
Figure 103. Surface aspect of a 60 40Ni Ti  SMA actuator tested in corrosive cooling environment 
under 200 MPa stress level; (a) and (b) are observations near the fracture surface at different 
magnification showing surface cracks and damage, (c) and (d) are observations away from the 
fracture surface at different magnification showing surface cracks and damage; (e) is a schematic 
representing the location of the fracture surface and of the observation sites. 
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(a) 
 
 
(c) 
 
 
(b) 
 
 
(d) 
 
Figure 104. Surface aspect of 60 40Ni Ti  SMA actuators tested under corrosive conditions for test 
conditions of (a, b) 200MPa resulting in  Nf ~ 10,000 cycles;  and (c, d) 100MPa resulting in  Nf 
~ 160,000 cycles. 
 
5.4. Precipitate driven fatigue failure mechanisms 
 
 In opposition to SMAs that develop large accumulated plastic strain in a quasi-
consistent manner for which a Manson-Coffin failure criterion can be developed based 
on accumulation of plastic strain, as shown in Chapter II, as well as on additional 
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mechanisms such as the effect of simultaneous cyclic loading and corrosion, Ni-rich 
NiTi SMAs fatigue failure appears to be precipitate dependent. The purpose of this 
section is to address the effect of two types of Ni-rich precipitates, i.e. 3Ni Ti  and 
4 3Ni Ti / 3 2Ni Ti , on the damage and failure mechanisms.  
 
5.4.1. Influence of 3Ni Ti  precipitates on failure mechanisms 
 
5.4.1.1. Surface damage characterization 
 
 It is found that upon cyclic loading that the surface of the SMA actuators exhibit 
surface cracks in and around the 3Ni Ti  precipitates. Figure 105 shows the details of the 
damage formed around and in the Ni-rich precipitates. The presence on the NiTi matrix 
of large 3Ni Ti  precipitates create a non-coherent stress field that is accommodated by 
inelastic strains rather than elastic strains. Those regions are coexisting with phase 
transforming NiTi matrix and result in large strain incompatibilities cycled through 
repeated phase transformation. From previous nanoindentation results, the mechanical 
properties showed 3Ni Ti  precipitates twice as hard as the NiTi matrix, which would 
indicate lower accommodation of elastic strains and higher brittleness of the bulky Ni-
rich precipitates, as shown in Figure 75 and Figure 76. Under cyclic loading, damage is 
observed to form and induce cracks along the loading direction of the SMA actuators at 
the two extremities of the 3Ni Ti  precipitates. This mechanism of repeated cyclic 
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transformation is therefore responsible for high stresses resolved into the precipitates and 
around the precipitates. The cracks mostly form in a mode 1, at the interface between 
3Ni Ti  and NiTi matrix and inside the 3Ni Ti  precipitates, as shown in Figure 105. 
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Figure 105. Site of observation and measurement post fatigue failure (top horizontal crack being 
edge of fracture surface) tested in Nitrogen: SEM EDS analysis of the surface of 60 40Ni Ti  SMA 
actuators after long aging treatment; (a) high crack density near fracture surface, (b) low crack 
density away from fracture, (c) interaction sites between NiTi matrix and 3Ni Ti with crack 
formation. 
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5.4.1.2. Bulk damage characterization 
 
 The assessment of the surface damage is now compared to fracture surfaces and 
bulk damage. As cycles progress during fatigue testing, damage forms around the 
precipitates and the overall SMA actuator failure can be identified as ductile, as shown 
in Figure 106. Figure 106(a) shows the fracture surface of a 60 40Ni Ti   fatigued specimen 
with Figure 106(b) showing the details of three cracks that propagated through the 
thickness. Features like ductile dimples and 3Ni Ti  precipitates at the center of nearly 
each dimple can be observed and related to failure of the Ni-rich precipitates. The NiTi 
matrix demonstrates ability to accommodate the large deformation due to phase 
transformation under constant stress resulting in 1-1.2% actuation. However, it was 
previously shown how the 3Ni Ti  precipitates are stiffer, harder and are acting as 
inhomogeneities. The consequence is brittle failure by cleavage or near cleavage as 
shown in Figure 107 and Figure 108. A process related issue was clearly identified 
during post mortem analysis with consequences resulting in the propagation of cracks 
through the thickness of the SMA actuators. It appears that during solidification and hot 
rolling, the material developed preferred locations to grow 3Ni Ti  precipitates. The 
clustering of 3Ni Ti  precipitates is found to permit coalescence of cracks developed 
inside and around the 3Ni Ti  precipitates. SMAs have the properties to delay crack 
growth due to the effect of martensitic transformation and plastic strain accumulation, 
acting a shield for further crack progression. An example of precipitate clustering and 
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crack propagation can be seen in Figure 109. Figure 110 is a schematic and three-
dimensional representation of the clustering of precipitates generating surface cracks and 
crack growth through the thickness, resulting in ultimate failure of the SMA actuators. 
Such damage mechanism is found to dominate the fatigue failure of the 60 40Ni Ti   SMA 
actuators, thus dictating their fatigue life. 
 
 
(a) 
 
 
(b) 
 
Figure 106. Fracture surface and detail on clustering of precipitates from surface through 
thickness, cracks showing path through clustered precipitates. 
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Figure 107. SEM micrograph showing brittle fracture of 3Ni Ti  precipitates with damage in the 
surrounding NiTi matrix.  
 
1
2
3
4
5
6
7
8
9
 
(a) 
Position Ni wt.% 
(at.%)
Ti wt.% 
(at.%)
1 84.88 
(82.08)
15.12 
(17.92)
2 37.23 
(32.61)
62.77 
(67.39)
3 65.12 
(60.37)
34.88 
(39.63)
4 85.05 
(82.28)
14.95 
(17.72)
5 85.44 
(82.72)
14.56 
(17.28)
6 63.41 
(58.57)
36.59 
(41.43)
7 62.02 
(57.12)
37.98 
(42.88)
8 73.16 
(68.98)
26.84 
(31.02)
9 56.96 
(51.92)
43.04 
(48.08)
 
(b) 
Figure 108. Site of observation and measurement post fatigue testing: SEM EDS analysis of the 
fracture surface of 60 40Ni Ti  SMA actuators; (a) area of interest showing the different phases: a 
cracked ductile NiTi matrix and brittle failure of 3Ni Ti  bulky and (b) chemical analysis of the 
observed phases. 
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1
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5
6
 
(a) 
Position Ni wt.% 
(at.%)
Ti wt.% 
(at.%)
1 80.25 
(76.83)
19.75 
(23.17)
2 17.26 
(14.54)
82.74 
(85.46)
3 50.24 
(45.17)
49.76 
(54.83)
4 9.22 
(7.65)
90.78 
(92.35)
5 65.00 
(60.24)
35.00 
(39.76)
6 60.88 
(55.94)
39.12 
(44.06)
 
(b) 
Figure 109. Site of observation and measurement post fatigue testing: SEM EDS analysis of the 
fracture surface of 60 40Ni Ti  SMA actuators; (a) area of interest showing the effect of clustering 
on crack propagation and (b) chemical analysis of the observed phases. 
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Figure 110. Clustered precipitates and localization of failure in 60 40Ni Ti  SMA actuators. 
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5.4.2. Influence of 4 3Ni Ti / 3 2Ni Ti  precipitates on fatigue failure mechanisms 
 
 The 4 3Ni Ti / 3 2Ni Ti  precipitates have a very different morphology and can be 
found as big as a few micrometers (Figure 83 and Figure 84). They have a needle-like 
shape or a slant penny-like shape. They form a complex network when they grow to the 
micrometer size and therefore constitute a “backbone” structure for the NiTi matrix to 
transforms in between. This complex network, formed during the various heat treatments 
(shape set followed by aging), would act similarly to 3Ni Ti  if 4 3Ni Ti / 3 2Ni Ti  
precipitates were having the same impact on the failure mechanism. However, from 
fractography and analysis, the 4 3Ni Ti / 3 2Ni Ti  precipitates, besides assisting to the 
transformation mechanism, they do not appear to be a direct cause for the 60 40Ni Ti  
SMA actuators to fail prematurely. 
 
5.4.2.1. Surface damage characterization 
 
 The presence of the needle-like 4 3Ni Ti / 3 2Ni Ti  precipitates is the result of a high 
Nickel content from a Nickel rich NiTi matrix that diffuses into metastable secondary 
phases. While the presence of stable 3Ni Ti  precipitates do not serve a purpose to the 
martensitic phase transformation mechanism, but to a strengthening and hardening of the 
material, the 4 3Ni Ti / 3 2Ni Ti  are grown and adjusted during a lower temperature aging 
treatment (450°C in this work) and stabilized in the material at room temperature by 
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mean of water quenching. They work along with the phase transformation to act as 
barriers limiting the evolution and propagation of dislocations. Therefore, repeated 
actuation under load results in the accumulation of defects at the interface 
4 3Ni Ti / 3 2Ni Ti  with the NiTi matrix. From comparison between non-precipitated and 
precipitated SMAs, the amount of accumulation plastic varies from a higher to a lower 
level, respectively. Therefore, less damage is expected from this mechanism but can be 
observed from microstructural analysis such as shown in Figure 111. the damage and 
cracks generated in the 3Ni Ti  precipitates that were discussed in the previous 
subsection, it appears clearly that the pristine surface quality that was obtained after fine 
polish is now altered in areas where 4 3Ni Ti / 3 2Ni Ti  interact with the NiTi matrix , as 
seen in Figure 111(a). This mechanism is confirmed on the entire surface of the SMA 
actuators and not only near the fracture surface where localization may have been 
responsible, as shown in Figure 111(b). One can identify the unique distribution of the 
metastable Ni-rich precipitates in triangular patterns with strong orientation along the 
rolling direction, represented vertically in the corresponding micrographs. The 
mechanism of damage accumulation at the interface NiTi matrix and 4 3Ni Ti / 3 2Ni Ti  is 
globally observed. However, at locations where 3Ni Ti  precipitates initiate failures, it 
appears that the 4 3Ni Ti / 3 2Ni Ti  precipitates undergo higher levels of deformation and 
stresses resulting in very fine cracks along the metastable precipitate network, as detailed 
in Figure 111(c). This observation indicates a saturation of the local martensite with 
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defects that results in development of cracks aligned with certain 4 3Ni Ti / 3 2Ni Ti  
precipitates. 
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Figure 111. Site of observation and measurement post fatigue failure tested in Nitrogen: SEM 
EDS analysis of the surface of 60 40Ni Ti  SMA actuators after long aging treatment; (a) low crack 
density within 4 3Ni Ti / 3 2Ni Ti  network near fracture surface, (b) low crack density within 
4 3Ni Ti / 3 2Ni Ti  network away from fracture, (c) interaction sites between NiTi matrix and 
4 3Ni Ti / 3 2Ni Ti  with crack formation. 
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5.4.2.2. Bulk damage characterization 
 
 The mechanism of damage in the bulk of the material related to the existence of 
the metastable precipitates is accentuated when looking at fracture surfaces. It was found 
that most of the fracture surface was made of damage and cracks due to the brittle nature 
of the 3Ni Ti  precipitates working against the relatively more ductile NiTi matrix. 
However, in some areas, damage caused by the interaction between 4 3Ni Ti / 3 2Ni Ti  and 
NiTi matrix can be found and related to the previous surface observations. Figure 112 
shows the overall fracture surface with a magnification of an area where secondary 
damage was observed. It is clearly seen how the 4 3Ni Ti / 3 2Ni Ti  precipitates developed 
cracks and created a pattern that is identical to the one previously observed in the 
secondary surface damage shown in Figure 111(c). Figure 113 represents the detail of 
the damage caused by the interactions between NiTi matrix and 4 3Ni Ti / 3 2Ni Ti . From 
these observations, it is understood that the damage resulting from this mechanism is 
secondary and provides path for crack propagation rather that for crack initiation, 
therefore it is concluded that while the fatigue life and failure is dictated by the 3Ni Ti  
precipitates, 4 3Ni Ti / 3 2Ni Ti  precipitates contribute to a propagation mechanism.  
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(b) 
 
Figure 112. (a) Fracture surface and (b) detail on clustering of precipitates from surface through 
thickness, cracks showing path through clustered precipitates. 
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Figure 113. SEM micrograph showing fracture/tear patterns of 4 3Ni Ti / 3 2Ni Ti  precipitates in 
the NiTi matrix. 
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CHAPTER VI 
CONCLUSIONS AND FUTURE WORK 
 
In a scientific community where new theories, new techniques and new 
application-oriented projects are driving the need for constant improvement and 
research, the characterization and modeling of the transformation induced fatigue 
behavior of SMA actuators is critical. The understanding of failure mechanisms involved 
in the failure of future application-based components will allow the correction of 
weaknesses causing early fatigue failure, therefore leading to a design optimization.  
 
6.1. Summary and conclusions 
 
 In Chapter II, the focus was the study of the constant stress, thermomechanical, 
transformation induced fatigue of TiNiCu SMA wire actuators and the assessment of the 
influence of corrosion on the fatigue life. Two series of tests were conducted, one for 
complete transformation cycles and another for partial transformation cycles.  
 The fatigue life of TiNiCu SMA wire actuators was improved by an order of 
magnitude when actuation strain was reduced by approximately 50%. The accumulated 
plastic strain was found to be a function of the number of cycles to failure using a 
Manson-Coffin power-law and dictates the fatigue life of the SMA actuators. The 
transformation induced fatigue of SMA wire actuators in a corrosive cooling 
environment resulted in a significant reduction of the number of cycles to failure and 
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corrosion was found to act more severely in the case of partial transformation cycles. 
The study of the fatigue life of Ti50Ni40Cu10 was found to be consistent with fatigue life 
results obtained by others [16, 43]. Investigations on composition variations, such as 
Ti50Ni45Cu5, showed slightly higher fatigue limits [24] and the highest were found for 
equiatomic NiTi [3]. The reduction of the fatigue life with increasing Cu content from 0 
to up to 10 at.% was consistent with what was found in the literature. 
 One of the interests of this study was to perform high actuation frequency fatigue 
testing using convective cooling. The consequence was an actuation frequency increased 
by nearly an order of magnitude, i.e. 0.01 Hz under natural cooling conditions versus 0.1 
Hz under convective cooling conditions, which in return led to the creation of a 
corrosive environment. The consequence was a reduced fatigue life in comparison to 
fatigue results generated in a corrosion free environment, and this reduction was due to 
the coupling between corrosion and repeated martensitic phase transformation. The 
presence of a corrosive cooling environment led to the formation of a detrimental surface 
layer that contributed to the initiation and growth of circular microcracks. 
 The focus of Chapter III was a post failure microstructure analysis, the definition 
of a cyclic damage mechanism and the formulation of a damage accumulation rule for 
fatigue life modeling accounting for corrosion. From microstructural analysis, a 
proposed cyclic damage mechanism presenting the coupling between corrosion and 
cyclic phase transformation contributing to the formation of a brittle surface layer was 
introduced. This mechanism was validated by the application of a shear-lag model 
accounting for inelastic strains due to both reversible martensitic phase transformation 
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and irrecoverable accumulated plastic strain. The micromechanical analysis 
demonstrated the influence of the amount of transformation strain on different critical 
crack spacing to failure. 
 Finally, a fatigue life analysis was carried out to assess the influence of cyclic 
corrosion on the reduction of the fatigue life of SMA wire actuators. The Miner’s rule 
was applied using stress renormalization functions modeling a continuous cyclic crack 
growth. While more complex and more accurate models were available, such as non-
linear damage accumulation models or fracture mechanics based models, Miner’s rule 
presented the advantage to be simple and in our specific case, quite accurate too. Two 
approaches were developed based on the Miner’s rule. The first method, called direct 
Miner’s rule, permitted a validation of the proposed assumptions and formulation. The 
inverse Miner’s, however, made the model fully predictive and enabled its user to 
predict the fatigue life of SMA actuators in corrosion-free conditions from only 
corrosive fatigue data. The results also indicated that the model was conservative, 
constituting a safety margin for future design applications. 
 Chapters IV and V corresponded to and are still referring to an ongoing research 
effort pursued between the Boeing Company and Texas A&M University. The need for 
certification by the Federal Aviation Administration before an application such as the 
Variable Geometry Chevrons actuated by Nickel rich NiTi SMA beam actuators is 
implemented in the future Boeing 787 commercial airplane is unavoidable. A systematic 
approach with parametric study, both on the macroscopic and microscopic level led to 
the identification of critical parameters. The identification of parameters such as such 
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processing, specimen thickness, applied stress level, surface finish and testing 
environment contributed to the isolation of external mechanisms to focus on the critical 
role of the microstructure on the fatigue life of Nickel rich SMA actuators. The never 
tested before new alloy composition presenting a higher Nickel content than in the well 
studied and applied equiatomic NiTi SMA, presented and still embodies challenges. It 
was shown how precipitation can affect not only the actuation characteristics but also the 
performances under cyclic loading. It was also concluded that while the fatigue 
mechanism, fatigue life and fatigue failure in non-precipitated SMAs were dictated by 
the evolution of dislocations and accumulation of plastic strains through large strain 
incompatibilities, highly precipitated SMAs exhibit a behavior dependent on two 
different mechanisms: the material response and stabilization due to global effects such 
as the accumulation of plastic strains and the application of external stress, but also a 
fatigue life and failure mechanism dictated by a complex and very sensitive 
microstructure. 
 A general conclusion that can be drawn out of this work is the fact that whether 
the SMA is non-precipitated, exhibiting high actuation performances (3-4% actuation 
strain between 50 -250 MPa), accumulating significant amount of irrecoverable strains 
and therefore dimensionally unstable (i.e. TiNiCu and equiatomic NiTi, with 3-6% 
plastic strain) or highly precipitated SMA, exhibiting lower actuation performances (1-
1,2% actuation strain between 100 – 250 MPa) with better dimensional stability (i.e. Ni-
rich NiTi, with 1-2% plastic strain), the fatigue life is relatively similar within the low-
cycle range of nearly 1,000 cycles to a transition to 100,000 cycles. 
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6.2. Future work 
 
 Continuation of this work has become highly relevant with the new interest in 
more stable and more reliable actuators such as the new class of Ni-rich NiTi SMAs. 
The development of methods that can be utilized to certify and validate fatigue life for 
particular applications such as the Boeing VGCs are absolutely necessary before one can 
see such advancement take place in everyday commercial airplanes. Validation of the 
preliminary results obtained from small size specimens will require a comparison to real 
size actuators to assess the reliability of small scale testing.  
 However, on a more scientific level, the material system utilized for such 
applications is still unknown and its potential improvement through process and 
microstructure optimization is highly promising. On a systematic level, one can see how 
the combination of testing, performance and microstructure evaluation, and damage 
assessment can establish an iterative optimizing cycle that may eventually lead to the 
formulation of a predictive model. The latest analysis and understanding from the failure 
mechanisms could lead to possible cohesive law type models that could account for 
precipitation density, distribution, size, and probability of failure. 
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